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ABSTRACT

This dissertation deals with the fundamental studies of peptide adsorption on
surfaces modified by surface-confined polymer films, with an application emphasis on
membrane bioseparations. In order to understand protein adsorption at a fundamental
level, it is important to study the specific residue-level interactions with surfaces.
Keeping this idea in view, the present work describes experimental measurements of
submolecular-level interaction energies involved in the process of peptide adsorption on
polymer films using surface plasmon resonance spectroscopy. Gibbs energy change on
adsorption (ΔGad) for tyrosine, phenylalanine, and glycine homopeptides were measured
at 25 °C and pH 7 on highly uniform, nanothin polymer films, and the results were used
to predict ΔGad for homologous homopeptides with a larger number of residue units.
Nanothin poly(2-vinylpyridine), poly(styrene) and poly(1-benzyl-2-vinylpyridinium
bromide) films were used for the adsorption studies; they were prepared using a graft
polymerization methodology. In-situ swelling experiments were done with ellipsometry
to examine the uniformity of the surfaces and to ensure that the graft densities of the
different polymer films were similar to facilitate the comparison of adsorption results on
these surfaces. To extend this approach to a mixed-residue peptide, measurements were
made for glycine, phenylalanine, and tyrosine-leucine subunits found in leucine
enkephalin. It was found that combining ΔGads values for adsorption of the individual
peptide units in a short- chain peptide allows us to predict its overall ΔGads value with
reasonable estimates. Calculations for uncharged surfaces (poly(2-vinylpyridine) and
poly(styrene)) gave estimates deviating by no more than |9%| from experiment.
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Deviations between measured and predicted adsorption energies were larger for the
charged poly(1-benzyl-2-vinylpyridinium bromide) surface relative to uncharged
surfaces, and, generally speaking, measured uncertainty values were slightly larger for
the charged surface. Nevertheless, the adsorption energies were found to be additive
within experimental uncertainties for the charged surface as well.
One of the central parts of my dissertation is the fabrication of uniform polymer
nanolayers with independent control of the layer thickness and chain grafting density
using

surface-initiated

polymerization.

Surface-tethered

polymer

brushes

with

independently variable grafting densities and layer thicknesses were fabricated for
peptide adsorption and cell-adhesion studies. Surface-initiated atom transfer radical
polymerization (ATRP) was used together with thiol self-assembly to generate these
nanothin polymer brush layers of poly((polyethylene glycol) methacrylate). A kinetic
study was done to measure the layer thickness growth rate at room temperature from flat
gold substrates presenting different polymerization initiator molecule surface densities.
The polymer brush layers transition from mushroom to brush regimes with increasing
grafting density. The results showed that layer properties such as wettability and dry layer
thickness depend strongly on initiator surface density. Ultimately, the interaction energy
of an RGD-containing synthetic peptide Gly-Arg-Gly-Asp-Ser and the adhesion and
spreading of cells were correlated with surface properties, which continues to be a major
research theme in biomedical and biomaterials research.
Finally, the work was extended to the surface modification of polymeric
membranes to tune the physical and chemical properties of the membranes. I describe a
methodology to surface modify commercially available membranes with various
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functionalities to prepare ion-exchange membranes using graft polymerization from the
surfaces of the membranes. ATRP was used to modify the membranes with pyridinium
exchange groups and carboxylic acid groups. Polymerization time was used as the
independent variable to manipulate the amount of grafted polymer on the membrane
surface. ATRP was used to make adsorptive (ion-exchange) membranes with among the
highest static and dynamic protein binding capacities, and in a way that allowed us to
control the impact on membrane permeability. Confocal laser scanning microscopy was
used to visualize membrane pore structure of the unmodified and modified membranes to
prove that modification by ATRP did not impact the membrane pore structure
detrimentally and also to visualize binding of fluorescently labeled lysozyme.

iv

ACKNOWLEDGEMENTS
It is a pleasure to acknowledge people who are involved in the successful
completion of this dissertation.
First and foremost I express my sincere thanks and heartfelt gratitude to my
advisor Dr. Scott M. Husson for his expert guidance and support throughout my doctoral
program. I have grown tremendously as a scholar and as a researcher under Dr. Husson’s
supervision and I especially thank him for being patient with me and for his inexplicable
support throughout the process of completion of this work.
I also express my gratitude to Dr. S. Michael Kilbey, II, Dr. Igor Luzinov, and Dr.
Andrew T. Metters for not only serving on my committee but also being particularly
supportive in improving the quality of my work through their valuable suggestions.
I thank Dr. Ranil Wickramasinghe and Dr. Mathias Ulbricht for their insightful
inputs in my work.
I thank Xiofeng Cui for his help in laboratory experiments related to cell-culture
work and Bogdan Zydrko for laboratory help in PGMA deposition for membrane
modification work. I also thank Amit Y. Sankhe for the help provided to synthesize the
PIM and for assistance with ellipsometry measurements.
I acknowledge Jun Wang for her kind assistance in orienting me to the laboratory
in University of Duisburg, Essen and for her help in Confocal Laser Scanning
Microscopy (CLSM) experiments.
I thank my student colleagues, Xiaolin Wei, Xiao Li, Santosh Rahane, Rafael
Tarnawaski, Dongming He, Bharat Bhut, Azadeh Samadi, and Amol Janorkar for their
help and support during laboratory experiments, technical construction, and research

v

discussions. I want to thank students, staff, and faculty members at the Department of
Chemical and Bimolecular Engineering for providing a stimulating environment to work.
I want to acknowledge the support from the National Science Foundation (NSF),
NSF-MAST Center, NSF-CAEFF, and Millipore Corporation for funding this research.
It will be unfair not to acknowledge my friends, Sahil Jalota and Rahul Rasal, for
their unconditional support in and out of the laboratory and for making research more fun
and interesting. I express my personal appreciation to them for good company and good
ideas.
I have no words to thank my parents and my brother, Raj Gaurav, for believing in
me and encouraging me in every moment.
I cannot thank my wife, Roma, enough for being my strength and my inspiration.
Last but not the least; I thank GOD for his blessings.

vi

TABLE OF CONTENTS
Page
TITLE PAGE… ................................................................................................................... i
ABSTRACT…................................................................................................................... iii
ACKNOWLEDGEMENTS.................................................................................................v
LIST OF TABLES….........................................................................................................xii
LIST OF FIGURES ......................................................................................................... xiv
CHAPTER
1.

INTRODUCTION ...................................................................................................1
1.1

Protein Adsorption .......................................................................................2

1.2

Experimental Methods for Measuring Biomolecule Adsorption.................7
1.2.1 Labeling Techniques ......................................................................7
1.2.2 Optical Techniques .........................................................................8
1.2.2.1 Ellipsometry.....................................................................8
1.2.2.2 Optical Waveguide Lightmode Spectroscopy (OWLS) ..9
1.2.2.3 Surface Plasmon Resonance (SPR) ...............................11
1.2.3 Gravimetric Techniques................................................................14
1.2.3.1 Quartz Crystal Microbalance (QCM) ............................14
1.2.4 Other Techniques ..........................................................................15

1.3

Polymer Nanolayer Growth (ATRP) .........................................................16

1.4

Surface Modification Of Membranes ........................................................20
1.4.1 Modification Methods For Membranes ........................................22

1.5

Outline Of The Dissertation.......................................................................25

1.6

References And Notes................................................................................27

vii

Table Of Contents (Continued)
Page
2.

ADSORPTION THERMODYNAMICS OF SHORT-CHAIN PEPTIDES
ON CHARGED AND UNCHARGED NANOTHIN POLYMER FILM............43
2.1

Introduction................................................................................................43

2.2

Materials and Methods...............................................................................47
2.2.1 Materials .......................................................................................47
2.2.2 Water Contact Angle.....................................................................48
2.2.3 Ellipsometry..................................................................................48
2.2.4 External Reflectance Fourier Transform Infrared
Spectroscopy ................................................................................49
2.2.5 Preparation of Poly(2-vinylpyridine) Surface Films ....................50
2.2.6 Preparation of Poly(styrene) Surface Films..................................51
2.2.7 Quaternization...............................................................................52
2.2.8 Surface Plasmon Resonance (SPR) Spectroscopy........................53

2.3

Results and Discussion .............................................................................53
2.3.1 Polymer Film Preparation .............................................................54
2.3.2 Swelling Studies............................................................................54
2.3.3 Quaternization...............................................................................57
2.3.4 Peptide Adsorption on Poly(2-vinylpyridine)...............................59
2.3.5 Peptide Adsorption on Poly(styrene) ............................................72
2.3.6 Peptide Adsorption on Quaternized Poly(2-vinylpyridine) ..........73
2.3.7 Analysis of Adsorption Data.........................................................74

2.4

Conclusion .................................................................................................77

2.5

References and Notes.................................................................................79

viii

Table Of Contents (Continued)
Page
3.

THE ROLE OF INDEPENDENTLY VARIABLE GRAFTING
DENSITY AND LAYER THICKNESS OF POLYMER NANOLAYERS
ON PEPTIDE ADSORPTION AND CELL ADHESION ...................................85
3.1

Introduction ...............................................................................................85

3.2

Materials and Methods...............................................................................89
3.2.1 Materials .......................................................................................89
3.2.2 Characterization ............................................................................91
3.2.3 Cell culture....................................................................................92

3.3

Results and Discussion .............................................................................93
3.3.1 Surface Characterization...............................................................93
3.3.2 Nanolayer Swelling Studies..........................................................98
3.3.3 Peptide Adsorption on PPEGMA ...............................................102
3.3.4 Cell-Adhesion and Imaging Studies ...........................................106

3.4

Conclusions..............................................................................................108

3.5

References and Notes...............................................................................110

ix

Table Of Contents (Continued)
Page
4.

SURFACE MODIFICATION OF MICROPOROUS PVDF MEMBRANES
BY ATRP.………………………………………………………………………117
4.1

Introduction..............................................................................................117

4.2

Materials and Methods.............................................................................123
4.2.1 Materials .....................................................................................123
4.2.2 Preparing Membranes for Initiator Functionalization.................123
4.2.3 Grafting the Primary Epoxide Layer...........................................124
4.2.4 Surface Graft Polymerization of Poly(2-vinylpyridine) .............125
4.2.5 Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR) .........................................................126
4.2.6 Field Emission Scanning Electron Microscope (FE SEM).........126
4.2.7 Atomic Force Microscopy (AFM) ..............................................127
4.2.8 Nitrogen Adsorption ...................................................................127
4.2.9 Ion-Exchange Capacity Measurements.......................................128

4.3

Results and Discussion ............................................................................128
4.3.1 Characterization of Chemical and Physical Surface
Properties ....................................................................................128
4.3.2 Determination of Specific Surface Areas and Pore
Characteristics from Nitrogen Adsorption Isotherms .................131
4.3.3 Surface Morphologies of the Modified PVDF Membranes........133
4.3.4 Determination of Pore-size Distribution by Image Analysis
of SEM Images ...........................................................................134
4.3.5 Ion-Exchange Capacity Measurements.......................................138

4.4

Conclusions..............................................................................................140

4.5

References and Notes...............................................................................141

x

Table Of Contents (Continued)
Page
5.

6.

ATOM TRANSFER RADICAL POLYMERIZATION: A NEW METHOD
FOR PREPARATION OF ADSORBER MEMBRANES .................................147
5.1

Introduction..............................................................................................147

5.2.

Materials and Methods.............................................................................151
5.2.1 Materials .....................................................................................151
5.2.2 Preparing Membranes for Initiator Functionalization...………..152
5.2.3 Surface-Initiated Polymerization of Poly(acrylic acid)
(PAA)…………………………………………………………..153
5.2.4 Characterization of Physiochemical and Performance
Properties ....................................................................................154
5.2.5 ATR-FTIR Characterization .......................................................154
5.2.6 Ellipsometry (for Kinetic Studies) ..............................................154
5.2.7 Membrane Pore-Size Distribution Measurements ......................155
5.2.8 Permeability Measurements........................................................155
5.2.9 Static Binding Capacity and Binding Isotherm Experiments .....156
5.2.10 Dynamic Binding Capacity Experiments....................................156
5.2.11 Confocal Laser Scanning Microscopy ........................................157

5.3

Results and Discussion ............................................................................158
5.3.1 Characterization of Physicochemical Properties ........................158
5.3.2 Membrane Permeabilities ...........................................................163
5.3.3 Protein Adsorption Capacities and Isotherms.............................165
5.3.4 Confocal Laser Scanning Microscopy ........................................168

5.4

Conclusions..............................................................................................171

5.5

References and Notes...............................................................................173

CONCLUSIONS AND RECOMMENDATIONS .............................................179

APPENDIX
A. Chemical structures are given for all of the peptides studied, followed by
surface plasmon resonance (SPR) response curves .......................……………..185

xi

LIST OF TABLES

Table

Page

2.1

Poly(2-vinylpyridine) and poly(styrene) brush properties estimated from
swelling data on films at 25 °C ..............................................................................57

2.2

Poly(2-vinylpyridine) and poly(1-benzyl-2-vinylpyridinium bromide)
film thicknesses at 25 °C used to estimate the fraction of pyridine
groups quaternized……………………………………………………………….59

2.3

Measured values of the Gibbs energy of adsorption for peptides on
poly(2-vinylpyridine), poly(styrene), and poly(1-benzyl-2-vinyl
pyridinium bromide) films at 25 °C……………………………………………...69

2.4

Measured values of the Gibbs energy of adsorption for the mid-chain and
chain end residues on poly(2-vinylpyridine), poly(styrene), and poly(1benzyl-2-vinylpyridinium bromide) films at 25 °C ……………………………...70

2.5

Comparison of the theoretical ΔGad value predictions (based on additivity)
to measured ΔGad values for all of the peptides on poly(2-vinyl
pyridine), poly(styrene), and poly(1-benzyl-2-vinylpyridinium bromide)
films at 25 °C…………………………………………………………………….73

2.1

pKa and pI values of amino acids at 25 °C……………………………………....74

3.1

Water contact angles for PPEGMA films graft polymerized for 3 hrs from
gold surfaces that had been functionalized by submersion in solutions
containing varying molar amounts of dodecantethiol/ polymerization
initiating molecules................................................................................................95

3.1

Graft density values for PPEGMA films graft polymerized for 3hrs from
gold surfaces that had been functionalized by submersion in solutions
containing varying molar amounts of dodecantethiol/ polymerization
initiatiningmolecule.............................................................................................100

3.3

Adsorbed areal mass of GRGDS peptide on PPEGMA films graft
Polymerized for 3 hrs from gold surfaces that had been functionalized
by submersion in solutions containing varying molar amounts
of dodecantethiol/polymerization initiating molecules.………………………...104

xii

List of Tables (Continued)
Table

Page

4.1

BET surface areas and BJH desorption average pore width of the
PVDF membranes for untreated and treated membranes prepared using
different polymerization times………………………………………………….132

4.2

Number average pore diameter and PDP for membranes prepared using
different polymerization times………………………………………………….138

4.3

Ion-exchange capacities (meq/g) for membranes prepared using
different polymerization times………………………………………………….139

5.1

Mean flow pore diameter and bubble point estimated from capillary
flow porometry………………………………………………………………….160

5.2

Comparison of mean flow pore diameter and estimated pore diameter based
on layer thickness data collected in the kinetic study on gold substrates...…….161

5.3

Permeability values computed using flux data for unmodified and PAAmodified membranes……………………………………………………………164
Static and dynamic capacities for lysozyme adsorption to unmodified and
PAA-modified membranes ……………………………………………………..167

5.4
5.5

Comparison of the lysozyme capacities for PAA-modified membrane (1 hr)
with two commercial membranes ……………………………………………...168

xiii

LIST OF FIGURES
Figure

Page

1.1

Basic components of an SPR biosensor.................................................................12

2.1

External reflectance FTIR spectra on gold substrate: (a) SAM,
(b) initiator-functionalized SAM, (c) grafted poly(2-vinylpyridine) layer
(100 Å) and (d) grafted polystyrene layer (85 Å) .................................................51

2.2

Response curves (sensorgrams) for leucine enkephalin adsorbing on the
PVP surface at 25 °C from pH 7 HEPES buffer solutions ....................................60

2.3

Adsorption isotherms for tyrosine peptides (2, 3 and 6 units) adsorbing
on the PVP surface at 25 °C from pH 7 HEPES buffer solutions .........................62

2.4

Adsorption isotherms for phenylalanine peptides (2, 3 and 4 units) adsorbing
on the PVP surface at 25 °C from pH 7 HEPES buffer solutions .......................62

2.5

Adsorption isotherms for glycine peptides (4, 5 and 6 units) adsorbing on
the PVP surface at 25 °C from pH 7 HEPES buffer solutions .............................63

2.6

Adsorption isotherms for tyrosine peptides (2, 3 and 6 units) adsorbing on
the PS surface at 25 °C from pH 7 HEPES buffer solutions .................................63

2.7

Adsorption isotherms for phenylalanine peptides (2, 3 and 4 units) adsorbing
on the PS surface at 25 °C from pH 7 HEPES buffer solutions ...........................64

2.8

Adsorption isotherms for glycine peptides (3, 4 and 5 units) adsorbing on
the PS surface at 25 °C from pH 7 HEPES buffer solutions ................................64

2.9

Adsorption isotherms for tyrosine peptides (2, 3 and 6 units) adsorbing
on the BzPVP surface at 25 °C from pH 7 HEPES buffer solutions .....................65

2.10

Adsorption isotherms for phenylalanine peptides (2, 3 and 4 units) adsorbing
on the BzPVP surface at 25 °C from pH 7 HEPES buffer solutions .....................65

xiv

List of Figures (Continued)
Figure

Page

2.11

Adsorption isotherms for glycine peptides (4, 5 and 6 units) adsorbing
on the BzPVP surface at 25 °C from pH 7 HEPES buffer solutions .....................66

2.12

Adsorption isotherms for leucine-tyrosine peptide adsorbing n the PVP, PS
and BzPVP surfaces at 25 °C from pH 7 HEPES buffer solutions........................66

2.13

Adsorption isotherms for leucine enkephalin peptide adsorbing on the PVP,
PS and BzPVP surfaces at 25 °C from pH 7 HEPES buffer solutions ..................67

2.14

Response curves (sensorgrams) for Tyr-Tyr-Tyr-Tyr-Tyr-Tyr adsorbing on
the PVP surface at 25 °C from pH 7 HEPES buffer solutions. Longer contact
with buffer resulted in continual peptide desorption leading to
complete reversibility after about 300 s of buffer rinse.........................................68

3.1

Static water contact angles for the gold substrates following immersion in
ethanol solutions containing varying molar amounts
of dodecanethiol/polymerization initiating molecules. Mole fraction of
PIM represents its value in solution on a solvent-free basis..................................94

3.2

External reflectance FTIR spectra of (a) dodecanethiol, (b)
polymerization initiating molecules on a gold substrate, and
PPEGMA nanolayers grown from gold substrates that had been functionalized
by immersion in ethanol solutions containing varying molar concentrations
of dodecanethiol/polymerization initiating molecules (in mM/mM):
(c) 0.9/0.1, (d) 0.7/0.3, (e) 0.5/0.5, (f) 0.3/0.7, (g) 0.1/0.9 and (h) 0.0/1.0 ...........96

3.3

Nanolayer thicknesses of PPEGMA grown for three polymerization times
from surfaces with different surface mole fractions of PIM..................................98

3.3

Ellipsometric dry and swollen layer thickness of PPEGMA graft polymerized
for 3 hours from gold substrates that had been functionalized by immersion
in ethanol solutions containing varying molar concentrations
of dodecanethiol/polymerization initiating molecules. Mole fraction of
PIM represents its value in solution on a solvent-free basis. Solvent was
water for measuring the swollen layer thicknesses of PPEGMA .........................99

List of Figures (Continued)
Figure

Page

3.5

Surface plasmon resonance sensorgrams for the GRGDS peptide adsorbed
on PPEGMA nanolayers prepared by graft polymerization for 3 hours from
gold substrates that had been functionalized by immersion in ethanol
solutions containing varying concentrations of dodecanethiol/
polymerization initiating molecules (in mM/mM): (a) 1.0/0.0, (b) 0.9/0.1,
(c) 0.7/0.3, (d) 0.5/0.5, (e) 0.3/0.7, (f) 0.1/0.9 and (g) 0.0/1.0 ............................103

3.6

Micrographs of MC-3T3 cells adhering to the dodecanethiol modified
substrates and surfaces with different graft densities of PPEGMA. Graft
density was manipulated by varying the dodecanethiol/PIM molar
concentrations during functionalization of the gold surfaces (in mM/mM):
(a) 0.9/0.1, (b) 0.7/0.3, (c) 0.3/0.7. The bar corresponds to 20 mm. (a), (c),
(e) and (g) with GRGDS preadsorbed. (b), (d), (f) and (h) without
GRGDS preadsorbed ...........................................................................................107

4.1

ATR-FTIR spectra for (a) unmodified control membrane; (b)
initiator-functionalized, PGMA-coated membrane; and (c)
poly(2-vinylpyridine) grafted membrane after 24 hours of polymerization........129

4.2

AFM phase and topographical images (50 µm × 50 µm lateral area) showing
the morphology of the surfaces. The z-axis scale is 4500 nm. RMS
roughness values are 1.186 µm and 352 nm for the unmodified and
modified membranes, respectively ......................................................................131

4.3

(Images a-c): Surface SEM images of the unmodified PVDF membrane
(a); initiator-functionalized, plasma-treated membrane (b); and the
poly(2-vinylpyridine) (c) functionalized membrane at a magnification of
1000X. (Images d-f): Corresponding images at a magnification of 2000X ........136

4.4

(Images a-b): Cross-sectional SEM micrographs of the unmodified
PVDF membrane (a) and the poly(2-vinylpyridine) functionalized
membrane (b) at a magnification of 5000X. (Images c-d): Cross-sectional
SEM micrographs of the unmodified PVDF membrane (c) and the
poly(2-vinylpyridine) functionalized membrane (d) at a magnification of
2000X…………………………………………………………………………...137

4.5

Pore-size distribution of the unmodified PVDF membrane and the
poly(2-vinylpyridine) functionalized membrane at different polymerization
times. The figure on the right expands the frequency axis to illustrate
the depletion of large pore structures...................................................................137

xvi

List of Figures (Continued)
Figure

Page

5.1

ATR-FTIR spectra for an unmodified control membrane (spectrum 1a),
PAA-functionalized membrane (spectrum 1b) and subtraction spectrum,
1b-1a (spectrum 1c) following 3 h of polymerization .........................................158

5.2

PAA layer thickness evolution by surface-initiated ATRP from gold ...............159

5.3

Pore-size distributions from capillary flow porometry for unmodified and
PAA-modified RC membranes ............................................................................161

5.4

Adsorption isotherms at 25 ºC for the RC membrane modified with PAA
by surface-initiated ATRP for 30 min and 1 hr ...................................................165

5.5

Comparison of CLSM images at a depth of 6 µm for the (a) unmodified;
(b) PAA-modified membrane, 30 min; and PAA-modified membrane,
1 hr, stained with 5-DTAF. (area: 146×146µm)................................................. 169

5.6

Comparison of CLSM images at a depth of 6 µm for membranes modified for
30 min. Incubated in lysozyme-Cy5 for 15 minutes at concentrations of
(a) 0.05 mg/ml and (b) 0.2 mg/ml. Incubated in lysozyme- Cy5 for 1 hr
at concentrations of (c) 0.05 mg/ml and (d) 0.2 mg/ml. (area: 146 ×146µm) .....170

5.7

Comparison of CLSM images at a depth of 6 µm for membranes modified for
1 hr. Incubated in lysozyme-Cy5 for 15 minutes at concentrations of (a)
0.05 mg/ml, (b) 0.2 mg/ml. Incubated in lysozyme- Cy5 for 1 hr at
concentrations of (c) 0.05 mg/ml, (d) 0.2 mg/ml. (area: 146 ×146µm)...............171

xvii

CHAPTER ONE
INTRODUCTION

This dissertation describes peptide adsorption on surfaces modified by surfaceconfined polymer films, with an application emphasis on membrane bioseparations. In
this chapter, I will discuss protein adsorption and how understanding it is important in
multiple applications. Protein adsorption represents a challenging and complex scientific
issue that is not understood fully at a fundamental level. I contend that peptide adsorption
first should be understood in order to solve the complexity of the protein adsorption
process. Keeping this view, I will discuss the rationale for studying low molecular weight
peptides instead of proteins.
I will introduce a number of the techniques that have been used commonly for the
detection of protein adsorption, and I will discuss how the surface plasmon resonance
technique that I have used in my work gives quantitave measurements accurately, and
holds advantages over the other techniques.
One of the central parts of my dissertation is the fabrication of uniform polymer
nanolayers with independent control of the layer thickness and chain grafting density
using surface-initiated polymerization. I will detail my polymerization technique, atom
transfer radical polymerization, and demonstrate how it has been used in my work.
Finally, the work is extended to the surface modification of polymeric membranes
to tune the physical and chemical properties of the membranes. I will discuss some of the
techniques that have been used for the surface modification and how atom transfer radical
polymerization is advantageous compared to other conventional surface modification
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techniques to design membranes for bioseparations.

1.1 Protein Adsorption
Protein adsorption has been studied in detail over the last decades because of its
importance to applications in biomedical materials engineering and biotechnology. Just a
few examples where protein adsorption at a solid-liquid interface plays an important role
include blood coagulation, biomedical implants and microdevices, self-assembling
microelectromechanical systems, biosensors, bioseparation systems. Understanding the
physical and chemical processes that occur during biomolecule adsorption, as well as
how the physicochemical properties of a surface affect the adsorption process, is needed
for a priori design of surfaces to achieve a desired response. Protein adsorption has been
widely reviewed by many researchers [Andre and Hlady, 1986; Fang et al., 2005; Haynes
and Norde, 1995; Latour, 2006; Norde, 1986; Norde and Lyklema, 1991; Steiner et al.,
2007]. In order to understand protein adsorption, knowledge of adsorption-induced
conformational changes of proteins is essential [Haynes and Norde, 1995; Norde and
Lyklema, 1991]. However, due to experimental difficulties and complexities, detailed
information at the submolecular level about these conformational changes is limited
[Gray, 2004; McNay and Fernandez, 1999], which hampers the further development of
the theory of protein adsorption.
Protein adsorption is a complex dynamic process that involves noncovalent
interactions (e.g., hydrophobic, Coulombic, hydrogen bonding, van der Waals) [Andrade
et al., 1992] that depend, in part, on protein structure, size, and stability; surface
properties such as surface energy, roughness, chemistry, and structure; and environmental
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conditions (e.g., temperature, pH, ionic strength). For applied purposes, the scientific
challenges include understanding how to predict under what conditions proteins will
adsorb, and, in many cases, how to control or to minimize their adsorption [Hylton et al.,
2005]. Additional major concerns for applied purposes are the structural rearrangement of
adsorbed proteins and the contribution of protein structural rearrangements towards the
driving force for adsorption, both of which are less well understood aspects of the protein
adsorption process. Researchers have begun to pay careful attention to sorting out the
effects of protein structures on adsorption and surface interactions [Baugh et al., 2005;
Yao et al., 2005].
At a fundamental level, protein-surface interactions result from a balance between
intramolecular and intermolecular peptide residue-residue interactions and the peptide
residue-surface interactions [Kasemo, 2002; Roush et al., 1994]. The conformation of a
protein at a solid/liquid interface also is the result of intramolecular and intermolecular
interactions, including the interaction of the protein with the surface; thus, surface
conformation is likely to differ from bulk conformation. Protein adsorption is generally
irreversible on hydrophobic surfaces, wherein hydrophobic amino acids interact
preferentially with the surface. On the other hand, electrostatic interactions dominate the
interfacial interactions on hydrophilic or charged surfaces, and adsorption is more
reversible [Kowalczyk et al., 1994; Burkett et al., 2001]. The tendency for a protein to
retain its native conformation depends strongly on its structural stability in solution. Still,
some structural rearrangement is possible in order to maximize the availability of the
amino acid side chains that are electrostatically complementary to the surface. Various
studies have been done to understand the sub-molecular level residue–residue interactions
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through protein folding studies [Lee et al., 2001], but there is comparatively little
information available regarding the residue–surface interactions. If these interactions can
be quantified, then, theoretically, they should be able to be combined with an
understanding of sub-molecular level residue–residue interactions to provide a
thermodynamic basis for the prediction of protein–surface adsorption behavior.
The need is clear for determining thermodynamic parameters for specific residuelevel interactions with surfaces. Juriaanse et al. [1980] have studied the adsorption of
various homopolypeptides to surfaces to investigate how different residue types influence
the adsorption process. These studies demonstrate clear differences as a function of the
type of homopolypeptide adsorbed, but they were not able to determine the quantitative
thermodynamic parameters to specific residue types. I adopt the philosophy that to
understand protein adsorption, the adsorption thermodynamic parameters of the
individual amino acid residues must first be characterized. Once these substructural
adsorption parameters are measured, then their combined (in the form of a peptide or
protein) adsorption behavior may be predicted. According to Norde [1985], addressing
homopolymer adsorption thermodynamics, “the major contribution to the total
adsorption enthalpy change arises from the adsorbent–solvent and polymer (protein)–
solvent bonds displaced by polymer (protein)–adsorbent and solvent–solvent bonds”.
Since the similar kinds of interactions exist for each of the adsorbed residues of the
homopolymer, it is reasonable to assume that a proportional relationship will exist
between the adsorption energy change and the number of adsorbed residue units, as
pointed out by Vernekar and Latour [2005]. Vernekar and Latour [2005] used surface
plasmon resonance (SPR) spectroscopy to measure the adsorption free energies of
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individual peptide residues on functionalized alkanethiol self-assembled monolayers
(SAMs) on gold using a host-guest peptide system of the form GGGG-X-GGGG (G =
glycine, X = variable residue). These methods were applied to determine the free energy
of adsorption (ΔGad) for the peptides G4-G-G4 and G4-K-G4 (G = glycine, K = lysine) on
hydroxyl- and carboxyl-funtionalized SAM surfaces and, hence, to study the effects of
single mid-chain residue substitutions. Raut et al. [2005] used molecular dynamics
simulations with the GROMACS force field for the same peptide adsorption system.
Computer simulations of short peptides at interfaces are an economical alternative that
can be used to understand the behavior of more complex molecules at interfaces.
Mungikar and Forciniti [2004] performed Monto Carlo simulations to study the
conformational changes of negatively charged model peptides (8 to 20 amino acid
diblock residues of isoleucine and aspartic acid) adsorbed from water onto charged
surfaces. They have found that the electrostatic forces and the entropic changes
associated with the conformational changes are the main driving forces for the adsorption
of these peptides at the solid surface. They reported that, in the presence of the surface,
the overall system tries to minimize the energy level by maximizing the interaction of the
complementary charges with the surfaces, leading to some degree of spreading of the
molecule over the surface.
To reiterate, the thermodynamics of residue-surface interactions must be
understood before predictive models of protein-surface adsorption can be developed.
Latour et al. [2005] have mentioned that molecular simulations have potential to help
understand these interactions, but that these tools ultimately depend on the accuracy of
empirical force field equations. The force field equations must be “tuned” to capture the
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behavior of experimental systems. For this reason, theoreticians would benefit from
experimental data on the adsorption thermodynamic parameters for the peptide residues
on substrates of interest. Based upon this perspective, the objective of the research work
was to develop and apply an experimental technique to determine apparent changes in
thermodynamic properties due to the adsorption of peptide residues onto a surface for a
given residue, surface, and solvent system. One aspect of this study was to use SPR to
measure the Gibbs free energy change on adsorption (ΔGad) for homopeptides on highly
uniform, nanothin polymer films, and to use these data, along with the principle of
additivity, to predict ΔGad for homologous homopeptides with a larger number of residue
units, as well as a mixed residue peptide. I adopted the hypothesis of Latour and Rini
[2002] that, fundamentally speaking, adsorption depends on interactions between
individual amino acid residues on a biomolecule surface and the functional groups of the
material surface. In general, van der Waals and electrostatic interactions are additive for
proteins adsorbing on surfaces [Israelachvili et al., 1992; Lu et al., 2001]. Thus, it should
be possible to predict adsorption energies for short-chain peptides that do not undergo
surface-induced conformation changes by knowing values of ΔHad and ΔSad for the
residues that comprise the peptide, assuming, of course, that all of the residues interact
with the materials surface. Lacking temperature-dependent adsorption data, constanttemperature predictions should be possible simply by knowing values of ΔGad for these
residues.
ΔG ad , protein = ∑ ΔH ad , residue − T ∑ ΔS ad , residue

(1.1)

ΔG ad , protein = ∑ ΔG ad , residue

(1.2)
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Using this additivity principle, the adsorption energies of the small-chain peptides
(homopeptides and mixed-peptides) can be predicted. By relaxing the additivity principle,
the data that are obtained could alternatively be used to tune an empirical force field to
represent this type of molecular system. This force field could be used with confidence to
simulate actual protein adsorption behavior.

1.2. Experimental Methods for Measuring Biomolecule Adsorption
Techniques to measure the mass of biomolecules adsorbed to a surface require a
great deal of precision and accuracy, as the mass adsorbed is fairly low for studies on the
thermodynamics of adsorption. There are plenty of applications where protein adsorption
is detected easily due to large masses of adsorbed protein. I, however, am particularly
interested in measuring the adsorbed values in the low concentration region in order to
extract thermodynamic parameters out of the data. There are number of techniques used
for measuring biomolecule adsorption; here, I describe common ones.

1.2.1 Labeling Techniques
Labeling techniques are widely used for biomolecule adsorption studies; herein,
the biomolecules are labeled with fluorescent or radioactive molecules. Enzyme-Linked
ImmunoSorbent Assay (ELISA), an immunological method based on the formation of a
complex among the protein, the antigen, and a highly specific antibody, commonly an
immunoglobulin, is used commonly for assessing adsorption phenomena [Balcells et al.,
1999]. One other labeling technique that allows investigations of the thermodynamics as
well as the kinetics of adsorption is total internal reflection fluorescence (TIRF) [Watkins
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and Robertson, 1975]. In this case, the fluorescent moiety of the labeled proteins is
excited by an evanescent light wave at the solution-surface interface, created by a light
beam incident at a certain angle. For dilute solutions, TIRF is sensitive only to adsorbed
proteins, and the kinetics of the adsorption can be measured by detecting the fluorescence
of the surface.
While labeling techniques can be quite sensitive, they have certain limitations.
The most pronounced limitation is that labeling of protein molecules comes with the risk
of altering the conformation and function of the protein and thereby its adsorption
behavior. Furthermore, to get the exact adsorbed amount, complicated calibration runs
are necessary, and, if high enough protein concentrations are used, the signal from
biomolecules in solution must be known and subtracted from the measured signal to find
the adsorbed surface concentration.

1.2.2 Optical Techniques
1.2.2.1. Ellipsometry
Ellipsometry [Elwing,, 1998; Tengvall et al., 1998], along with Scanning Angle
Reflectrometry (SAR) [Ladam et al., 2000], is one of the extensively used techniques for
biomolecule adsorption. Both these techniques are based on the change in the
polarization of light upon reflection from a surface. When proteins adsorb on the surface,
the dielectric properties of the interface change, and, hence, the polarization state of the
light changes. The change in polarization state can be related mathematically to the
thickness (h) and refractive index (n) of the adsorbed layer. These parameters along with
the change in the refractive index per unit protein concentration can be used to calculate
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the mass of the protein adsorbed on the substrate. The advantage of using ellipsometry
(and SAR) is that the layer thickness and, consequently, the orientation of adsorbed
biomolecules can be estimated. An example is provided by the work of Ladam et al.
[2000],

who

studied

the

interactions

between

poly(styrene

sulfonate)

(PSS)/polyallylamine (PAH) multilayers and human serum albumin (HSA) by means of
scanning angle reflectometry (SAR). They have found that albumin adsorbs both on
multilayers terminating with PSS (negatively charged) or PAH (positively charged)
polyelectrolytes. They also have found that an albumin equivalent monolayer forms on
films terminating with PSS; whereas, albumin forms a protein film that extends over
thicknesses that can be as high as four times the largest dimension of the native albumin
molecule on films terminating with PAH. In another example, Mälmstem and Lassen
[1995] used ellipsometry to study the adsorption of HSA, immunoglobin (IgG) and
fibrinogen on a hydrophobic methyl-terminated surface. They observed that the
ellipsoidal shaped HSA adsorbed side on, the Y-shaped IgG adsorbed end on, and
fibrinogen adsorbed in random orientations.

1.2.2.2. Optical Waveguide Lightmode Spectroscopy (OWLS)
OWLS is another optical technique that has been studied widely to monitor
biomolecule adsorption. It has the capability of measuring in real-time the adsorption
processes at the solid/liquid interface [Voros et al. 2002]. The basic principle of OWLS is
that the evanescent electromagnetic field from a He-Ne laser light is coupled by an
optical grating into a planar waveguide. The incident light is diffracted by an optical
grating at the surface and propagates via total internal reflection in the waveguide layer.
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The incoupling, which is a resonance phenomenon, occurs at a well-defined incident
angle where the phase shift during one total internal reflection equals zero and a guided
mode is excited, which generates an evanescent field up to a distance of a few hundred
nanometers above the sensor surface. Any change that occurs to the optical properties
near the surface can be followed by continuously measuring the shift of the incoupling
angle, and, henceforth, it allows the direct online monitoring of the adsorption of
macromolecules in a time-dependent manner above the grating without the need for any
labeling procedure.
OWLS has a mass sensitivity of ~1 ng/cm2 and a measurement time resolution of
3 seconds. An example of how OWLS has been used to study protein adsorption is given
by Tie et al. [2003], who studied the adsorption of three models proteins: fibronectin,
cytochrome c, and lysozyme, adsorbing onto mixed oxide system of Si(Ti)O2 to
determine their kinetics and history dependence. They have shown that the rate at which
these proteins adsorb onto the surface depended on the structure of the layer formed by
previously adsorbed molecules. They observed a two-stage adsorption process using
OWLS and attributed this observation to a clustering transition (surface aggregation)
among adsorbed protein molecules. They showed that adsorbed layers of identical
composition, but having differing histories, exhibit radically different adsorption rates,
indicative of highly dissimilar structures. They also showed that the adsorption and
desorption rate constants and the one-body cavity function (i.e., the probability of a
“cavity” on the surface that is free of protein) may be extracted from experimental data,
which may provide important information on biomacromolecule-surface interactions and
adsorbed layer structure.

10

1.2.2.3. Surface Plasmon Resonance (SPR) Spectroscopy
SPR is an optical technique that measures changes in the refractive index of the
medium near a metal surface. Like ellipsometry, SPR can be used to quantify protein
adsorption at a solid surface. The SPR phenomenon is very sensitive to changes of the
refractive index near the surface. Because the refractive index (n) of a protein n = 1.4 –
1.6 differs from that of pure water n = 1.33, SPR is able to detect protein adsorption at the
interface of the SPR sensor chip and the aqueous protein solution.
The SPR-technique exploits the fact that, at certain conditions, surface plasmons
on a metallic substrate such as gold can be excited by photons, thereby transforming a
photon into a surface plasmon. Surface plasmons are electromagnetic waves that
propagate parallel along the metal/dielectric interface. One condition for electronic
surface plasmons to exist is that the real part of the dielectric constant of the metal must
be negative and its magnitude must be greater than that of the dielectric This condition is
met in the IR-visible wavelength region for air/metal and water/metal interfaces (where
the real dielectric constant of a metal is negative and that of air or water is positive)
[Green et al., 1997, Green et al., 2000; Smith and Corn, 2003]. Gold is a typical example
of metal that generates surface plasmons, but metals such as silver, copper, titanium, or
chromium can also support surface plasmon generation.
Figure 1.1 shows the most common geometric setup of SPR. Incoming
monochromatic, p-polarized light is reflected from the back side of the glass-gold
interface. The photons will induce an evanescent light field into the metallic substrate.
Normally, no transport of photons takes place through this field, but photons incident at a
certain angle are able to tunnel through the field and to excite surface plasmons on the
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adsorbate side of the metallic substrate [Raether, 1977]. Whenever a plasmon is excited,
one photon disappears, producing a dip in the intensity of reflected light at that specific
angle. A plot of reflected intensity versus the angle of incidence shows a minimum at the
resonance angle, Θm, corresponding to the excitation of surface plasmons at the goldsolution interface, as shown in the Figure 1.1. There will be shift in Θm values
depending on the changes in the refractive index of the interfacial region adjacent to the
gold surface (within approximately one-half the wavelength of the incident light, and
typically about 200 nm [Stenberg et al., 1991).

Figure 1.1. Basic components of an SPR biosensor: Light passes through the prism and a
slide with a thin (~48 nm) gold layer that is mounted on the prism. It reflects off the gold
and passes back through the prism to a detector. Changes in reflectivity versus angle or
wavelength give a signal that is proportional to the mass of protein adsorbed near the
surface. [Reproduced with permission from Biacore Inc., part of GE Healthcare]
Surface plasmon resonance sensing has become, in the past decade or so, a
powerful and quantitative probe for measuring the energetics and kinetics of
biomolecular interactions. It is a label free technique that can be employed for identifying
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these interactions and quantifying their equilibrium constants, kinetic constants and
underlying energetics [Forbes et al., 2002; Haruki et al., 1997; Jung et al., 1999, 2000;
Lundstrom, 1994]. There have been numerous studies on protein adsorption on SAMs
[Jung et al., 1999, 2000; Prime and Whitesides, 1991] and polymer films [Chapman et al.,
2001; Green et al., 1997; Larsson et al., 2007; Teare et al., 2005; Zhang et al., 2003]
recently that strengthened our motivation to use SPR for our studies. It would be
impractical to list all of the important SPR studies that have been reported on protein
adsorption; instead, I list just a few that I believe are most relevant to my studies. Li et
al. [2004], have performed SPR measurements to determine thermodynamic adsorption
properties between fibronectin adhesion-promoting synthetic peptide and surfaceconfined poly(2-vinylpyridine) nanolayers at 15, 20, and 25 °C. The nanolayers were
grown by surface-initiated atom transfer radical polymerization (ATRP) from gold
substrates. Vernekar and Latour [2005] used SPR to measure the adsorption free energies
of individual peptide residues on functionalized SAMs on gold using a host-guest peptide
system of the form G4-G-G4 and G4-K-G4. Free energies of adsorption were measured for
these peptides on hydroxyl- and carboxyl-funtionalized SAM surfaces in order to study
the effects of single mid-chain residue substitutions. Recently, Ma et al. [2006] used SPR
to study the adsorption of fibronectin on oligo(ethylene glycol) methyl methacrylate
grafted by ATRP from a mixed self-assembled monolayer of an ATRP initiatorfunctionalized alkanethiol and a diluent, methyl-terminated thiol on gold. They found that
above a threshold solution molar ratio of the ATRP-initiator thiol to methyl-terminated
thiol of 0.2, and a dry film thickness of about 4 nm, Fn adsorption on the surface-initiated
poly(OEGMA) coatings was below the detection limit of SPR, which suggests that the
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relatively low surface density of the ATRP initiator has the ability to resist protein
adsorption.

1.2.3 Gravimetric Techniques
1.2.3.1. Quartz Crystal Microbalance (QCM)
The QCM is a mass sensing device based on the piezoelectric behavior of a
crystal. QCM is capable of measuring very small mass changes on a quartz crystal
resonator in real-time. The sensitivity of the QCM is 0.1 μg, approximately 100 times
higher than an electronic fine balance. As such, QCMs can measure mass changes as
small as a fraction of a monolayer of molecules. The high sensitivity and the real-time
monitoring of mass changes on the sensor crystal make QCM an attractive technique for
various applications including studies of protein adsorption/desorption, cell adhesion,
protein-protein interaction, degradation of polymers, biofouling and biofilm formation,
drug analysis and DNA biosensing, just to name a few. A quartz crystal microbalance
with dissipation (QCM-D) monitors both the frequency change of piezoelectric quartz
crystal and the dissipation change (the frictional and viscoelastic energy losses in the
system) upon binding of small molecules. Kasemo and co-workers [Kasemo et al., 2002]
have used QCM-D for studying various systems, including the adsorption of
transmembrane proteins containing supported phospholipid bilayers on silica [Graneli et
al., 2003]; protein adsorption on pure [Hook et al., 2001, 2002] and phospholipid-coated
[Glasmastar et al., 2002] surfaces. Comparative studies of protein adsorption using QCMD and optical techniques, such as ellipsometry, SPR, and OWLS, have shown that the
mass values measured by QCM-D generally are larger than those measured by the optical
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techniques because the frequency change in liquid QCM-D is sensitive to both protein
adsorption and water molecules that bind or couple hydrodynamically to adsorbed protein
[Hook et al., 2001, 2002].

1.2.4 Other Techniques
Electrical techniques, such as streaming potential measurements [Kawasaki et al.,
2003] and impedance (capacitance) measurements, [Sapper et al, 2005] are based on the
measurements of the change of the electrical properties of the surface upon biomolecule
adsorption. Biomolecule adsorbed amount is proportional to the total accumulation of
charge or the change in the impedance (capacitance). However, biomolecule adsorption
involves a redistribution of the charge associated with the electrical double layer of the
protein molecules, as well as the solid surface; these two process lead to some uncertainty
in the mass values of the biomolecule adsorbed [Kondo et al., 1991].
Circular dichroism (CD) is used frequently for biomolecular adsorption studies to
gain information about the configurational alterations of the biomolecules [Billsten et al.,
1997; Damodaran, 2003]. However, CD measurements cannot provide information
regarding local structural alterations at the level of individual amino acid residues
[Lundqvist et al., 2004].
Techniques based on infrared absorption spectroscopy, such as attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) [Brandes et al., 2006]
and grazing angle Fourier-transform infrared spectroscopy (GA-FTIR) [Roach et al.,
2005], have been used to gather information about the structural changes of the
biomolecules adsorbed.
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Different microscopic techniques such as scanning tunneling microscopy (STM)
[Li et al., 2003], atomic force microscopy (AFM) [Lin et al., 1990], and transmission
electron microscopy (TEM) [Nygren et al., 1992] have been used to understand the
microscopic alterations in the structure of the biomolecules adsorbed on the surfaces,
relative to their structure in solution.

1.3. Polymer Nanolayer Growth (ATRP)
Two general classifications have emerged to describe the approaches used to
modify surfaces with polymers: “grafting to” and “grafting from”. In grafting to,
preformed polymer chains are deposited onto a surface either by physisorption or
chemical grafting between reactive groups on a surface and reactive end groups of
polymer chains [Toomey et al. 2004; Edmondson et al. 2004]. Therefore, the structures
from “grafting to” techniques generally are better controlled and characterized, as the
polymer can be isolated, purified, and studied prior to being grafted. However, this
process leads to a low grafting density of the polymer chains (relative to grafting from
methods), as it is limited by kinetic and thermodynamic factors. Specifically, there is a
mutual steric hindrance provided by the initially attached polymer chains which resists
the attachment of more polymer chains. In addition, there is an orientational entropy
penalty (ΔS < 0) for adding more chains due to stretching of neighbouring polymer
chains that is necessary to ‘fit’ the new chains.
The “grafting from” technique involves growing chains from a surface by
monomer addition from solution. Favorable kinetic and thermodynamic factors allow this
method to achieve higher grafting densities than “grafting to” [Zhao and Brittain, 2000].
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In principle, “grafting from” provides a means to ‘deposit’ substantially thicker polymer
layers, since more and more monomer can be added in time. Moreover, it reduces
preparative steps for surface modification; no isolation and purification of the grafting
material are necessary.
Surface-initiated polymerization methods have been used to grow well-defined
polymer brush layers from substrates. Polymerization methods include anionic
polymerization [Jordan et al., 1999], cationic polymerization [Jordan and Ulman, 1998],
nitroxide-mediated radical polymerization [Bartholome et al., 2003; Husseman et al.,
1999], free radical polymerization [Prucker and Ruhe, 1998; Schmidt et al., 2002],
reversible addition-fragmentation chain-transfer radical polymerization (RAFT) [Baum
and Brittain, 2002] and atom transfer radical polymerization [Matyjaszewski et al., 1999;
Zhao and Brittain, 2000]. My work centers on the fabrication of surface-tethered polymer
nanolayers with ATRP. Our group uses ATRP extensively to prepare grafted polymer
nanolayers, because it yields highly uniform surfaces with high graft densities
[Gopireddy and Husson, 2003; Li et al., 2004, Samadi et al., 2006; Singh and Husson,
2006; Singh et al., 2006]. ATRP allows us to design and independently manipulate the
chain length, grafting density and, thus, chain conformation (i.e., mushroom v. brush) of
surface-tethered polymer nanolayers.
ATRP is a controlled (sometimes called “living”) polymerization based on a
reversible exchange between a low concentration of growing radicals and a dormant
species. ATRP has several advantages over the conventional polymerization techniques,
which are limited by many factors such as restricted choice of monomers and/or solvents
to be used, sensitivity to moisture, inconvenient temperature, and difficulty to carry out
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copolymerization. ATRP is tolerant to many chemical functionalities and impurities and
it can be carried out in a number of solvents (including water) under mild conditions
(e.g., room temperature). Controlled polymerization leads to low polydispersity values,
and its “living” nature also allows easy preparation of block copolymers. Moreover, it
can be used to produce nanolayers (< 1nm precision in dry layer thickness) with
independently controllable grafting density and layer thickness [Singh et al., 2007],
which is very important for our surface preparation. The Matyjaszewski research group
[Wang and Matyjaszewski, 1995] and Sawamato research group [Kato et al., 1995] have
co-developed ATRP, which has generated much interest among polymer scientists and
engineers in industry, academia, and governmental agencies. A detailed, comprehensive
review by Matyjaszewski and Xia [2001] is an excellent starting point for those interested
in learning more about ATRP. Scheme 1.1 shows the the general mechanism of ATRP in
the context of surface-initiated polymerization.

deactivator
R

X + Cu (I)Cl/Ligand

kact

R

k deact

+X

Cu(II)Cl/Ligand

kt
monomer

termination

Scheme 1.1 General mechanism of ATRP. Permission to reproduce this figure has been
provided by S.M. Husson.
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The control of the polymerization afforded by ATRP results from the formation of
radicals (R•) that can grow, but that are reversibly deactivated to form dormant species
(R-X). Reactivation of the dormant species allows the polymer chains to grow again, only
to be deactivated later. Such a process results in a polymer chain that slowly, but steadily,
grows and has a well-defined end group (for ATRP that end group is usually an alkyl
halide). This reaction occurs with rate constants of activation (kact) and deactivation
(kdeact). The key is to control the reaction equilibrium by maintaining a low equilibrium
constant (kact/kdeact) to ensure a low relative number of the active species relative to the
dormant species, thereby reducing the potential for termination reactions. The initiator is
generally a simple, commercially available alkyl halide (R-X), and the catalyst is a
transition metal (iron, copper) salt that is complexed by ligand molecules
(Cu(I)Cl/Ligand) usually in one-to-one or one-to-two ratios. The deactivator can be
formed in situ (X-Cu(II)Cl/Ligand), or for better control, a small molar amount (relative
to the catalyst) can be added. ATRP has been able to polymerize monomers with a wide
range of functionalities to produce poly(amines), including quaternized amines,
poly(acrylamides), poly(acids), poly(styrenics), poly((meth)acrylates), and poly(vinyl
pyridines). Because of the several advantages of ATRP such as controlled growth,
independent variation in grafting densities and layer thicknesses, polymer nanolayers
with less than 1 nm precision in dry layer thickness and various functionalities, this
technique was adopted for the surface modification in my work. One additional
advantage for membrane modification (discussed below) is that, as a catalyst activated
radical polymerization, ATRP can be used for in situ modification of commercial
membrane modules.
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1.4. Surface Modification of Membranes
I have further applied surface-initiated ATRP to modify commercially available
membranes with various functionalities for biomolecule purification. Membrane
chromatography has the potential for bioseparation applications involving large proteins
and biomacromolecules such as plasmid DNA [Charcosset, 1998; Roper and Lightfoot,
1995]. The advantages of membrane chromatography over traditional packed-bed
chromatography include lower pressure drop, improved mass-transfer efficiency, efficient
ligand utilization, easier scalability, and lower cost [Brandt et al., 1996; Urnanska et al.,
1990]. But, in order to exploit the advantages of membrane chromatography for large
molecule separations, it is critical to tune the physical and chemical properties of the
membrane surface, since these play important roles in determining its separation
characteristics, including efficiency and productivity. For example, commercially
available microporous membranes contain a relatively broad distribution of pore sizes.
The broad pore-size distribution leads to inefficient utilization of the membrane because
pores of different sizes have different solute residence times and capacities; these factors,
in turn, result in a broad distribution of breakthrough curves for individual pores [Liu and
Fried, 1994]. For membranes as a whole, composite breakthrough curves broaden as
pore-size distributions broaden. Also important is the size of the pores in relation to the
solute size. Clearly, if the pore diameters are smaller than the solute, then the solute will
be filtered at the membrane surface and will not pass through the chromatography
module. However, if the pore diameters are much larger than the solute, then solute must
diffuse radially from the interior of the pore to the pore surface where it adsorbs. If the
characteristic time for diffusion is larger than the characteristic time for adsorption, then

20

dynamic capacities will depend on volumetric flow rates, and longer residence times will
be needed to maximize ligand binding efficiency.
Membrane surface chemistry is another factor which impacts separation
performance. For example, binding amino acids, proteins, dyes, ion-exchange groups,
and metal affinity ligands covalently to the surfaces of polymeric membranes transforms
them into pseudo-biospecific affinity membranes for the purification of proteins. In fact,
membrane surface modification is thought to be equally important to the membrane
industry as membrane material and process development. Therefore, there is significant
interest in developing surface treatment methods to modify base membrane properties
post synthesis. Graft modification strategies have been used to tailor membranes for
bioseparation applications, and excellent, comprehensive reviews are available for
affinity membrane [Klien, 2000] adsorptive membrane [Charcosset, 1998] and ionexchange membrane [Nasef and Hegazy, 2004] applications in biotechnology.

1.4.1. Modification Methods for Membranes
There is a need to surface modify membranes in order to minimize undesired
interactions (membrane fouling) as well as to introduce additional interactions such as
protein affinity or responsiveness (e.g., to pH, temperature) for creating next-generation,
improved membranes. Surface modification of membranes has been done by numerous
methods such as plasma treatment [Asfardjani et al. 1993; Lai and Chao, 1990], chemical
treatment (e.g., with protic acids) [Mukherjee, 1996], ion beam irradiation
[Chennamsetty, 2006], physical adsorption of modifiers (e.g., surfactants, block
copolymers) [Louie et al., 2006], and polymer grafting. Here, I focus on the grafting
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methods that lead to permanent surface modification. Below I list commonly used graft
polymerization strategies for membrane surface modification, along with a brief
description of how each works. In general, they differ by the mechanism used for radical
generation.
Radiation grafting (non-UV), which uses e-beam or γ-ray irradiation, has been
used widely for surface modification to prepare ion-exchange membranes [Kumar et al.,
2006; Kobayashi et al., 1993]. It is a highly efficient method of incorporating ionexchange groups on membranes, especially polyethylene [Tsuneda et al., 1995] and
polypropylene [Plessier et al., 1998] membranes capable of high performance separation.
But the greatest disadvantage is that the excitation with high energy irradiation has a low
selectivity, and leads to scission of the chemical bonds, which can degrade the
membranes.
Plasma treatment followed by surface graft polymerization is another common
approach for the surface modification of membranes. It involves using plasma (a low
pressure gas containing electron, photons, ions, and other charged particles) which alters
surface physical and chemical properties without affecting the bulk properties of the base
material [Ulbricht and Belfort, 1995; Wavhal and Fisher, 2000]. This treatment results in
the formation of radicals and chemically active functional groups (hydroxyl groups,
amine groups, carboxyls groups, etc) on the surface of the membrane that can be further
used for surface graft polymerization with various chemical groups. However, there is a
problem of degradation of the substrate polymer and ablation etching of the polymeric
membrane by the plasma treatment which leads to the removal of the substrate material
and unwanted changes in the membrane morphology [Ulbricht and Belfort, 1995].
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Chemical oxidation involves the use of oxidants such as chromic acid, nitric acid,
and potassium permanganate to convert surface groups such as alkenes and esters to
hydroxyl and carboxylate groups on the surface of the membrane. Redox initiators, such
as ferric chloride and potassium persulfate can also oxidize the surface to create active
sites where surface graft polymerization can occur [Belfer et al. 2004, Reddy et al. 2005].
Ultraviolet (UV)-assisted photochemical grafting is one of the most widely used
grafting methods for membrane modification [Hilal et al., 1999; Pieracci et al., 1999,
2000]. The excitation with UV irradiation has the great advantage that the wavelength
can be adjusted selectively to the reaction to be initiated, and, hence, undesired side
reactions can be avoided or at least reduced very much. In most cases, photoinitiators are
used that can be excited selectively by certain UV energies, followed by subsequent graft
polymerization. In some cases, it is possible to functionalize UV-sensitive membrane
polymers, such as polyethersulfone, by direct UV excitation without the need for
photoinitiators. Georges Belfort’s group [Ulbricht and Belfort, 1995; Taniguchi and
Belfort, 2004] and Mathias Ulbricht’s group [He and Ulbricht, 2006; Susanto et al., 2007]
have achieved great success in modifying membranes with the UV-assisted
photopolymerization.
ATRP grafting [Singh et al., 2005; Sun et al., 2005] is new to the membrane
modification community, and was the focus of my surface modification work with
membranes. This method is highly advantageous for the surface modification of
membranes, as one of the biggest problems with the previously described graft
polymerization techniques is the marked decline in the membrane permeability after
modification [Freger et al., 2002; Pieracci et al., 2002]. Reduced permeability occurs due
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to pore blocking by grafted polymer and deposition of non-grafted polymer produced in
solution during modification. These physisorbed chains should be removed by washing
[Faibish and Cohen, 2001]. However, during ATRP, polymer chains grow from the
surface only as surface-bound radicals are formed, and, hence, no polymer is co-produced
in solution. As a controllable chain growth technique, ATRP allows control of the chain
MW (nanolayer thickness) to avoid pore filling. Also noteworthy is the fact that in situ
modification of commercial membrane modules is not possible for radiation-based graft
polymerization methods, including UV grafting; whereas, ATRP is a catalyst-activated
graft polymerization technique that is amenable to the in situ modification of membrane
modules. Moreover, this technique has the ability to produce high density polymer
brushes. Hence, biocompatibility/biofouling problems can be ‘tamed’ with ATRP by
modifying the membranes with high graft density polymer brushes that impart resistance
to non-specific protein adsorption.

1.5. Outline of the Dissertation
Chapter 2 deals with my work in the field of adsorption thermodynamics of shortchain peptides on charged and uncharged nanothin polymer films. The objective of this
study was to use SPR to measure the Gibbs free energy change on adsorption (ΔGad) for
homopeptides on highly uniform, nanothin polymer films, and to use these data, along
with the principle of additivity, to predict ΔGad for homologous homopeptides with a
larger number of residue units, as well as a mixed residue peptide, leucine enkephalin.
Various nanothin polymer films of uniform thickness and grafting densities were
produced to study these biomolecular interactions.
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Chapter 3 presents my work in designing polymer nanolayers with variable
grafting density and independently variable layer thickness to study peptide adsorption
and cell adhesion. I used surface-initiated ATRP together with self-assembly of mixed
thiols to generate and characterize polymer nanolayers on gold substrates. This research
was directed toward controlling the interactions of proteins and cells with solid surfaces.
Understanding small peptide adsorption is important since these molecules are expected
to penetrate more easily into a surface layer than proteins. Keeping this in view, I grafted
polymer nanolayers of the non-fouling polymer poly(poly(ethylene glycol) methacrylate)
(PPEGMA) and studied peptide adsorption and cell adhesion and spreading on these
synthetic surfaces.
Chapter 4 describes a methodology to convert commercially available,
microporous

polyvinylidenedifluoride

(PVDF)

membranes

into

ion-exchange

membranes using primary anchoring polymer (mono)layers and surface-initiated
polymerization from the surfaces of the membranes. ATRP was used to tune the physical
and chemical properties of the commercially available microporous membranes by
grafting poly(2-vinylpyridine) chains.
Chapter 5 descibes the development of high capacity membrane adsorbers using
our surface- initiated polymerization technique involving ATRP.
Chapter 6 presents the conclusion of my studies and recommendations for the
future studies.
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CHAPTER TWO
ADSORPTION THERMODYNAMICS OF SHORT-CHAIN PEPTIDES ON
CHARGED AND UNCHARGED NANOTHIN POLYMER FILMS
[As published in Biomacromolecules, 6, 9-13, 2005 and Langmuir, 22, 8443–8451, 2006
with modifications and additions.]

2.1 Introduction
The study of protein adsorption has been a central topic on research agendas over
the last decades in large part because of its importance to applications in biomedicine and
biotechnology. Understanding the physical and chemical processes that occur during
biomolecule adsorption, as well as how the physicochemical properties of a surface affect
the adsorption process, is needed for a priori design of surfaces to achieve a desired
response. A few examples where protein adsorption at a solid-liquid interface plays an
important role include blood coagulation, biomedical implants and microdevices, selfassembling microelectromechanical systems (MEMS), biosensors, bioseparation systems.
Protein adsorption involves noncovalent interactions (e.g., hydrophobic,
Coulombic, hydrogen bonding, van der Waals) [Andrade et al., 1992] that depend, in
part, on protein structure, size, and stability; surface properties such as surface energy,
roughness, chemistry, and structure; and environmental conditions (e.g., temperature, pH,
ionic strength). For applied purposes, the scientific challenges include understanding how
to predict under what conditions proteins will adsorb, and, in many cases, how to control
or to minimize their adsorption [Hylton et al., 2005]. Additional major concerns for
applied purposes are the structural rearrangement of adsorbed proteins and the
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contribution of protein structural rearrangements towards the driving force for adsorption,
both of which are less well understood aspects of the protein adsorption process.
Researchers have begun to pay careful attention to sorting out the effects of protein
structures on adsorption and surface interactions [Baugh and Vogel, 2005; Yao and
Lenhoff, 2005; Mondon et al., 2003; Noinville et al., 2003].
Fewer research studies have attempted to understand the process of adsorption of
small peptides at solid/liquid interfaces by experimental and computer simulation
methods. For example, Lu et al. [2004] used neutron reflectivity to study the adsorption
of peptides at solid/liquid interfaces. They showed that the conformation of the peptide is
preserved at the silicon/water interface and adopts a side-on adsorption to the silicon
surface. Jódar-Reyes et al. [2005] performed a set of experiments to study the adsorption
of ionic surfactants, nonionic surfactants and an amphiphilic, synthetic peptide onto
polystyrene latexes. They showed that the peptide was able to form stable complexes by
adsorbing to the polystyrene latexes at both acidic and basic pH. They also demonstrated
that the adsorption is driven by hydrophobic attraction, as the adsorption occurred despite
electrostatic repulsion between the chain and the surface. Read and Burkett [2003] used a
combination of circular dichroism and solution 1H NMR spectroscopy to study the
distribution of α-helical structure within a capped 13-amino acid residue peptide
(4DAR5) in aqueous solution and upon its adsorption onto anionic and cationic surfaces.
They found that the adsorption is driven by electrostatic attraction, and there is significant
helicity loss in the alanine and arginine region of the peptide. Vernekar and Latour [2005]
used surface plasmon resonance (SPR) spectroscopy to measure the adsorption free
energies of individual peptide residues on functionalized alkanethiol self-assembled
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monolayers (SAMs) on gold using a host-guest peptide system of the form GGGG-XGGGG (G = glycine, X = variable residue). These methods were applied to determine the
free energy of adsorption (ΔGad) for the peptides G4-G-G4 and G4-K-G4 (K = lysine) on
hydroxyl- and carboxyl-funtionalized SAM surfaces and, hence, to study the effects of
single mid-chain residue substitutions. Raut et al. [2005] used molecular dynamics
simulations with the GROMACS force field for the same peptide adsorption system. The
simulation results supported the experimental results for the adsorption behavior of G4-GG4 and G4-K-G4 peptides on the hydroxyl-functionalized SAM surface and the G4-K-G4
on the carboxyl-functionalized SAM surface. However, strong adsorption behavior of the
G4-G-G4 peptide was predicted by simulation to the carboxyl-functionalized SAM
surface, as compared to experimental results. This result, as discussed in Chapter 1,
provides motivation for further experimental studies that can be used to improve existing
force fields. Mungikar and Forciniti [2004] performed Monto Carlo simulations to study
the conformational changes of negatively charged model peptides (8 to 20 amino acid
diblock residues of isoleucine and aspartic acid) adsorbed from water onto charged
surfaces. They have found that the electrostatic forces and the entropic changes
associated with the conformational changes are the main driving forces for the adsorption
of these peptides at the solid surface. They reported that, in the presence of the surface,
the overall system tries to minimize its energy level by maximizing the interaction of the
complementary charges with the surfaces leading to some degree of spreading of the
molecule over the surface.
This

contribution

describes

an

experimental

procedure

for

measuring

submolecular-level interaction energies involved in the process of peptide adsorption on
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polymer films. The objective of this study was to use SPR to measure the Gibbs free
energy change on adsorption (ΔGad) for homopeptides on highly uniform, nanothin
polymer films, and to use these data, along with the principle of additivity, to predict
ΔGad for homologous homopeptides with a larger number of residue units, as well as a
mixed residue peptide, leucine enkephalin. I espouse the hypothesis of Latour and Rini
[2002], that, fundamentally speaking, adsorption depends on interactions between
individual amino acid residues on a biomolecule surface and the functional groups of the
material surface. In general, van der Waals and electrostatic interactions are additive for
proteins adsorbing on surfaces [Lu et al., 2001; Israelachvili, 1992]. Thus, it should be
possible to predict adsorption energies for short-chain peptides that do not undergo
surface-induced conformation changes by knowing values of ΔHad and ΔSad for the
residues that comprise the peptide, assuming, of course, that all of the residues interact
with the materials surface. Lacking temperature-dependent adsorption data, constanttemperature predictions should be possible simply by knowing values of ΔGad for these
residues.
ΔG ad , protein = ∑ ΔH ad , residue − T ∑ ΔS ad , residue

(2.1)

ΔG ad , protein = ∑ ΔG ad , residue

(2.2)

Using a previously described [Gopireddy and Husson, 2002; Li et al., 2004;
Sankhe et al., 2002] polymerization methodology, I prepared highly uniform, nanothin
films of poly(2-vinylpyridine) (PVP), polystyrene (PS), and poly(1-benzyl-2vinylpyridinium bromide) (BzPVP) on gold biosensor chips and measured values of ΔGad
for individual amino acid residues adsorbing onto these film surfaces from solutions near
physiological pH. The choice of PVP and BzPVP allowed me to study the effect of
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surface charge on peptide adsorption. The choice of PS allowed me to compare a
hydrophobic, nonpolar surface (PS) with a hydrophobic, polar surface (PVP). The SPR
analysis methods allowed me to check whether adsorption hysteresis existed and to what
extent, if any, were the model short-chain peptides bound irreversibly to the surface over
the time frame of the experiments. Based on results here and previously [Li et al., 2004;
Singh and Husson, 2005], adsorption hysteresis appears to be minimal for these systems
under the low activity conditions used to extract thermodynamic adsorption data. Thus, as
I show, the use of reversible thermodynamic principles seems justified for these systems.

2.2 Materials and Methods
2.2.1 Materials
The following peptides were used as received from Sigma Chemical with
percentages given in wt %: leucine enkephalin (≥ 95%), tyrosine (three units) (99+%),
tyrosine (six units) (99%), phenylalanine (two units) (99+%), phenylalanine (four units)
(97%), glycine (three units) (99+%), glycine (four units) (99+%), and glycine (five units)
(99+%). Tyrosine (two units) (99+%), phenylalanine (three units) (99+%), glycine (six
units) (99%), and leucine-tyrosine (99+%) peptides were used as received from Spectrum
Chemical.
Gold substrates were used as received from BIAcore, Inc. (SIA Au kit, BR-100405). All chemicals were purchased from Aldrich and used as received, unless noted
otherwise; they were 11-mercapto-1-undecanol (MUD) (97%), (4-chloromethyl)benzoyl
chloride (97%), 2-vinylpyridine (97%), styrene (99.9+%), copper(I) bromide (99.999%),
tris-(2-aminoethyl)amine (TREN) (96%), nitromethane (99+%) and N,N,N’,N’,N”
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pentamethyldiethylenetriamine (PMDETA) (99%). HEPES buffer was used as received
from Sigma. Solvents were purchased from Aldrich as ACS reagent grade; they were
ethyl alcohol (99.5%), anhydrous toluene (99.8%), and acetonitrile (99.9+ %). Benzyl
bromide (99+ %) was used as received from Acros Organics. Using literature protocols,
2-Vinylpyridine was purified by vacuum distillation at 25 mmHg [ Li et al., 2004] and
styrene was purified by passing through a neutral alumina column [Samadi et al., 2005]
before

use

to

remove

the

inhibitor

(p-tert-butyl

catechol).

Tris-[2-

(dimethylamino)ethyl]amine (Me6TREN) was prepared from TREN [Ciampolini and
Nardi, 1966].

2.2.2 Water Contact Angle
Static contact angle measurements were conducted using the sessile drop method
for bare gold, SAM, initiator-functionalized SAM, poly(2-vinylpyridine) (PVP),
polystyrene (PS) and poly(1-benzyl-2-vinylpyridinium bromide) (BzPVP) layers using a
Krüss G10 instrument. HPLC water was used as the probe liquid and measurements were
taken exactly 30 seconds after placement of a 20 μl water droplet on the surface. The
average static water contact angles and 95% confidence intervals were obtained using at
least four droplets on each specimen.

2.2.3 Ellipsometry
The refractive index and extinction coefficient of bare gold and the thickness of
SAM, initiator-functionalized SAM, PVP, PS and BzPVP layers were obtained using a
Beaglehole Instruments phase-modulated PicometerTM ellipsometer. A laser with
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wavelength of 632.8 nm was used as a probe. Ellipsometric angles (ψ and Δ) were
measured as a function of incident angle from 80° to 35° in increments of 0.1°. These
data were fitted with a Cauchy ‘box-like’ model (Igor Pro. software package) to give
layer thickness. A refractive index of 1.5 was assigned to the SAM, initiator
functionalized SAM, and polymer layers.
The in situ ellipsometry measurements (swelling experiments) were performed as
follows: The sample substrate was placed on the ellipsometer stage, and the sample was
placed inside a specially designed glass cell to allow the laser beam to reflect from the
surface. The glass cell is cylindrical with a diameter of 2.5 cm and a volume of 25 cm3; it
has one open end that is sealed during measurements with a screw cap. There is a flow
inlet for solution introduction and an outlet for solution removal. There is a Teflon
platform with a mechanical fastener to hold the substrate in the center of the cell. In these
measurements, the layer refractive index was allowed to vary. Greater details on this flow
cell and the measurement protocol can be found in the Supplemental Information section
of Samadi et al. (2005).

2.2.4 External Reflectance Fourier Transform Infrared Spectroscopy
ER-FTIR spectra were obtained for a bare gold background, SAM, initiatorfunctionalized SAM, PVP, PS and BzPVP layers using a Nicolet Nexus 870 FTIR
spectrometer. This instrument uses a Spectrum-Tech FT-80 Horizontal Grazing Angle
accessory with an 80° fixed incidence angle; a liquid nitrogen-cooled MCT-A detector;
and a dry, CO2-free air chamber. The experimental parameters were set to be as follows:
resolution of 2 cm-1, 2000 scans, gain of 4, and aperture of 10.
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2.2.5 Preparation of Poly(2-vinylpyridine) Surface Films
Details of the PVP film synthesis and characterization methods, including
characterization of the growth kinetics, are given in a previous paper from our group [Li
et al., 2004]. Prior to use, the gold-coated glass substrates (1 cm × 1 cm) were cleaned in
a UV cleaner (Boekel, Inc., Model 135500), then rinsed with deionized water. Next, a
self-assembled monolayer of MUD was formed on the gold substrate by contacting it
with a 2 mM MUD solution in ethanol for at least 16 h. The surfaces were washed in
ethanol using an Aquasonic ultrasonic cleaner for exactly 10 s, rinsed with ethanol and
deionized water, and dried. [Note: Longer ultrasonication can lead to gold delamination
from the silicon support.] SAM deposition was verified by an ellipsometric thickness of
1.1 ± 0.2 nm and aliphatic -CH2- stretch peaks at 2921 and 2853 cm-1 in the reflectance
FTIR spectrum (Figure 2.1a).
To functionalize the surface with polymerization initiator groups, gold substrates
with the SAM layer were incubated in a 2 mM solution of (4-chloromethyl)benzoyl
chloride in toluene for 12 to 16 h at room temperature in a water free (<1 ppm), oxygenfree (<1 ppm) glovebox (MBraunUNIlab). The surface was then cleaned by sonication in
toluene for 10 s, rinsed with toluene, ethanol, and deionized water, and dried. Initiator
grafting onto the SAM was confirmed by an increase in ellipsometric thickness from 1.1
± 0.2 nm to 1.6 ± 0.2 nm and a carbonyl stretch peak at 1735 cm-1 in the reflectance FTIR
spectrum of the surface (Figure 2.1b).
For surface-initiated polymerization, the substrate was immersed in a
homogeneous 2 M solution of 2-vinylpyridine in acetonitrile that contained the
Cu(I)Br/Me6TREN catalyst, with a Cu to ligand molar ratio of 1:2. The catalyst
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concentration was 2 mM based on Cu(I). Prior to use, the polymerization solution was
degassed by three freeze-pump-thaw cycles. Following each pump-down, the sample
container was backfilled with nitrogen. Polymerization was carried out for 24 h at room
temperature in the glovebox. After polymerization, the substrate was cleaned by
sonication in acetonitrile for 10 s, rinsed with acetonitrile, ethanol, and deionized water,
and dried. Formation of the PVP surface film was confirmed by ellipsometric
measurements that gave thicknesses of 9.2 ± 0.5 nm. The low uncertainty value reveals
that the polymer brush was macroscopically uniform. FTIR evidence for PVP layer
formation was given by aromatic -CH stretch peaks at 3066 and 3006 cm-1, C=N stretch
peaks at 1590 and 1569 cm-1, C=C stretch peaks at 1473 and 1434 cm-1, and a decrease in
the carbonyl stretch peak at 1735 cm-1, as shown in Figure 2.1c.
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Figure 2.1. External reflectance FTIR spectra on gold substrate: (a) SAM, (b) initiatorfunctionalized SAM, (c) grafted poly(2-vinylpyridine) layer (100 Å) and (d) grafted
polystyrene layer (85 Å).
2.2.6 Preparation of Polystyrene Surface Films
For surface-initiated polymerization of PS films, the substrate was immersed in a
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homogeneous 4 M solution of styrene in anisole that contained the Cu(I)Br/PMDETA
catalyst, with a Cu to ligand molar ratio of 1:2. The catalyst concentration was 25 mM
based on Cu(I). Prior to use, the polymerization solution was degassed by three freezepump-thaw cycles. Polymerization was carried out for 24 h at 40 °C in the glovebox.
After polymerization, the substrate was cleaned by sonication in anisole for 10 s, rinsed
with anisole, toluene, and deionized water, and dried under a flow of nitrogen. Formation
of the PS surface film was confirmed by ellipsometric measurements that gave
thicknesses of 8.0 ± 0.4 nm, here again the low standard deviation revealing that the
polymer brush was macroscopically uniform. FTIR evidence for PS layer formation was
given by aromatic -CH stretch peaks at 3081 cm-1, 3062 cm-1, 3027 cm-1 and 3003 cm-1,
aliphatic (-CH /–CH2) stretch peaks at 2921 cm-1 and 2848 cm-1, and a decrease in the
carbonyl stretch peak at 1735 cm-1, as shown in Figure 2.1d. In addition, peaks at 1102
cm-1 and 1300 cm-1 are associated with the ring breathing mode for PS.

2.2.7 Quaternization
The solution-phase quaternization of PVP has been demonstrated previously
using benzyl bromide (BzBr) at 25 °C [Chauhan et al ., 2000]. I adopted this approach to
produce polyelectrolyte brushes (PELs) on a surface. In a first step, I prepared a PVP
brush layer following the procedure described above. The quaternization of the surfaceattached polymer layer was carried out under mild conditions to preserve the SAM-gold
bond. To determine the average degree of quaternization, I performed ellipsometric
measurements on the PVP layers before and after quaternization.
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2.2.8 Surface Plasmon Resonance (SPR) Spectroscopy
SPR measurements were done with a BIAcore X instrument (BIAcore, Inc.,
Sweden) at 25 °C. The gold-coated substrate with a nanothin polymer layer was mounted
on a plastic cassette. All peptide solutions were made in 10 mM HEPES buffer (pH 7.0)
immediately prior to analysis. The solution peptide concentrations ranged from 0.03 to 2
mg/mL. The HEPES buffer solutions were filtered using Corning cellulose acetate
membranes with 0.22 (m pores and degassed using an Isotemp vacuum oven at 50-70 kPa
for 10 min followed by sonication for 5 min. The measurement model was the
multichannel model with a flow rate of 40 µL/min. The injection sample volumes were
varied from 40 µL to 65 µL, and the regeneration solution was 25 (L of 20% (v/v)
acetonitrile in HEPES buffer. Regeneration was followed by a buffer wash at high flow
rate (1500 µL/min) through the microfluidics system for approximately 30 s. This wash
was done to bring the baseline to its initial position prior to each new sample injection. A
blank buffer injection was done to measure the bulk shift associated with the buffer alone
and was subtracted from the overall response to get the actual adsorption signal. All
injections were done using a 20 s delay injection model. At least two injections were
done for each concentration.

2.3 Results and Discussion
Atom transfer radical polymerization (ATRP) was used to grow polymer films
from the surface. In a previous paper [Li et al., 2004], our group demonstrated that this
approach leads to smooth, uniform surfaces, relative to conventional radical
polymerization methods. Since the physical and chemical surface properties must be
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reproducible and free of defects for meaningful SPR analysis, ATRP from the biosensor
surface holds important advantages over conventional film preparation methods [Li et al.,
2004].

2.3.1 Polymer Film Preparation
Polymerization for 24 hours produced a PVP film with a thickness of 9.2 ± 0.5
nm and a polystyrene film with a thickness of 8.0 ± 0.4 nm. The reported errors represent
the standard deviations among at least three measurements. The value for PVP agrees
reasonably well with the value of 10.4 ± 1.6 nm reported by Li et al. [2004] for the same
polymerization conditions and a 20 h polymerization time. Using the activation energy
value obtained from the work of Samadi et al. [2005] on ATRP of polystyrene at low
temperatures, a thickness of 7.7 nm was estimated for growth of PS surface layers at 40
°C and 24 hours, which also agrees with the value measured in this work. The water
contact angle was found to be 67 ± 2° for the PVP surface and 89 ± 3° for the PS surface.
These values agree well with previously reported contact angles of 66.7° for PVP
[Sidorenko et al.,2003] and 90° for PS [Matyjaszewski et al., 2003].

2.3.2 Swelling Studies
Ellipsometric measurements were done using multi-angle and time-resolved
techniques to measure the solvated layer thicknesses of the polymer layers to estimate
grafting densities and the degrees of polymerization of the tethered chains. Immediately
after taking a dry layer thickness measurement, a good solvent was added to the flow cell
and the transition to the final swollen state was monitored. In all cases, the swelling
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kinetics was relatively fast, and equilibrium states were obtained in less than 30 s, which
is the time needed for a single measurement. Swelling experiments were done using good
solvents at room temperature (22-24 °C): toluene was used for the PS samples and
ethanol was used for the PVP samples. The PS brush thickness increased from 8.0 ± 0.4
nm in the dry (collapsed) state to 13.6 ± 0.2 nm when swollen in toluene; the PVP brush
thickness increased from 9.2 ± 0.3 nm in the dry state to 17.2 ± 0.3 nm when swollen in
ethanol. By using the thickness values of the brush in the collapsed and swollen states,
the degree of polymerization was estimated using results obtained from the selfconsistent mean field (SCF) analysis of grafted polymer brushes given by Milner [1988]
and Milner et al. [1988], where the height (h) of a brush in a good solvent is given by
Equation 3.
h swollen = (12/π 2 ) Nσ1/3 ( ω/υ )
1/3

1/3

(2.3)

In this equation, σ is the grafting density; N is the number of monomer units (or degree of
polymerization); ω is the excluded volume parameter, approximately (2 Å)3; and υ =
(a2/3)-1, where a is the Kuhn length for a monomer unit (a = 6.7 Å for PS and PVP).
Using the expression for the graft density ( σ = ρ 0 h dry / N ) in Equation 2.3, the

relationship among N, hdry and hswollen is given by Equation 2.4, originally proposed by
Jordan et al., 1999:
N = [1.074] ( h swollen )

3/ 2

(h )

1/ 2

(2.4)

dry

In Equation 2.4, values for h do not include the thickness of the underlying SAM +
initiator layer. Of note, hswollen predicted by SCF analysis results from a parabolic density
profile, while the heights collected from the ellipsometry data use a step- or box-like
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density profile. To resolve this discrepancy, I used the adjustment strategy of Samadi et
al. [2005], whereby the hswollen values measured by ellipsometry were multiplied by 4/3
for calculation of N.
In order to gain insights on the configuration of the surface-confined chains, it is
useful to know the radius of gyration (Rg) and the end-to-end distance that a chain of
degree of polymerization N would have in solution in a good solvent; these were
estimated by Equations 2.5 [Parsonage et al., 1991] and 2.6.
o

R g (A) = 1.86(N )

0.595

(2.5)

( )

〈 r 2 〉 1 / 2 = 61 / 2 R g

(2.6)

With an estimate of the layer density ρ0 (= 1.05 g/cm3 for PS and 1.04 g/cm3 for PVP),
the grafting density σ was calculated by Equation 2.7.
σ = ρ 0 h dry / N

(2.7)

Finally, from geometric considerations, the distance between the grafting sites D (nm)
was calculated using Equation 2.8, assuming that the chains adopt a hexagonal volume
element that accounts for packing volume fully.

(

D = 2 / 3σ

)

1/ 2

(2.8)

Table 2.1 summarizes the physical properties of PS and PVP layers measured by

ellipsometry and estimated using Equations 2.4-2.8. In this work, I produced layers with
D/2Rg < 1, which indicates that the chains are stretched normal to the surface and adopt
brush-like structures.
Also important for comparative studies is the fact that the graft densities were
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almost the same within experimental uncertainties for the PVP and PS layers. While layer
thicknesses differed by 1.2 nm, our preliminary study [Singh et al., 2004] showed that a
thickness difference of 1.5 nm (6.5-8.0 nm) had no effect on ΔGad.

Table 2.1. Poly(2-vinylpyridine) and polystyrene brush properties estimated from
swelling data on films at 25 °C.

Polymer Brush
hdry (nm)
hswollen (nm)
DP (N)
Rg (nm)
<(r2)>1/2 (nm)
σ (chains/nm2)
D (nm)

PS
8.0 ± 0.4
18.1 ± 0.3
293 ± 15
5.5 ± 0.2
13.4 ± 0.4
0.17 ± 0.01
2.6 ± 0.1

PVP
9.2 ± 0.3
22.9 ± 0.4
388 ± 17
6.5 ± 0.2
15.8 ± 0.4
0.14 ± 0.01
2.9 ± 0.1

2.3.3 Quaternization

To prepare a charged surface, PVP was first graft polymerized, and this surface
layer subsequently was reacted with benzyl bromide to convert the grafted pyridine
groups into benzyl pyridinium bromide groups. There was an increase in layer thickness
after quaternization of the vinylpyridine groups, which is caused by an increase of the
molecular weight of the surface-attached polymer chains during the quaternization
reaction. The molecular weight of a repeat unit of the polymer increases from 105 g/mol
(PVP) to 245 g/mol (BzPVP). Although the thickness of the starting PVP layer is
insensitive to the humidity of the environment, the thickness of the BzPVP layer changes
with changes in humidity. Therefore, the BzPVP layer thicknesses were measured
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immediately after holding the surfaces for 5 minutes in a moisture-free atmosphere (dried
air).
In addition to changes in the repeat unit molecular weight, the density of the
polymer film increases during quaternization from 1.0 g/cm3 (PVP) to roughly 1.2 g/cm3
(BzPVP) [Biesalski and Rühe, 1999], mainly due to the incorporation of the bromide
counterions. Following the analysis of Biesalski and Rühe [2000], Equation 2.9 was used
to calculate the fractional conversion of pyridine groups to benzyl-pyridinium bromide
groups.
⎛L
M PVP ρ BzPVP
f = ⎜⎜ BzPVP
⎝ L PVP M BzPVP ρ PVP

⎞
⎟⎟
⎠

(2.9)

In Equation 2.9, f represents the fractional conversion, LPVP and LBzPVP represent the dry
thicknesses of the respective layers, MPVP and MBzPVP represent the molecular weights of
the repeat units of the polymers, and ρPVP and ρBzPVP represent the polymer densities.
Table 2.2 summarizes the conversion results for polymer layers with different initial dry

layer thicknesses. The results of the calculations show that about 80% conversion can be
achieved. These results are in good agreement with results provided by Biesalski and
Rühe [2000] for an analogous reaction on a similar system. Furthermore, layer thickness
did not impact the conversion for the layer thicknesses that were studied.
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Table 2.2. Poly(2-vinylpyridine) and poly(1-benzyl-2-vinylpyridinium bromide) film
thicknesses at 25 °C used to estimate the fraction of pyridine groups quaternized.
Initial PVP
Thickness
(nm)

Final BzPVP
Thickness
(nm)

Fractional
Conversion,
f

4.9 ± 0.4
8.2 ± 0.6
11.4 ± 0.4
13.6 ± 0.7

7.6 ± 1.0
13.1 ± 1.2
18.1 ± 0.9
21.4 ± 1.1

0.78 ± 0.05
0.82 ± 0.02
0.81 ± 0.02
0.80 ± 0.01

2.3.4 Peptide Adsorption on Poly(2-vinylpyridine)

SPR was used to measure the adsorption properties of tyrosine (YY, YYY,
YYYYYY), glycine (GGG, GGGG, GGGGG, GGGGGG), and phenylalanine (FF, FFF,
FFFF) homopeptides, as well as tyrosine-leucine (YL) dipeptide and leucine enkephalin
(YGGFL) on the polymer surfaces. Chemical structures for all of the peptides are given
in Appendix A. Leucine enkephalin was chosen because of its medicinal interest, as well
as its well-characterized structure. From a medical application point of view, enkephalins
play important roles as neurohormones, neuromodulators, and neurotransmitters that have
powerful analgesic properties [Aburi and Smith, 2002]. Enkephalins may play a role in
bone metabolism, such as embryonic development, fracture healing, and bone remodeling
and formation, as well as in pain control [Machelska and Stein, 2000]. From a structural
point of view, this pentapeptide has a low molecular weight of 555.62 g/mol and lacks a
secondary structure. As such, irreversible adsorption based on surface-induced
conformational changes is expected to be unimportant. Yet, this peptide provides a large
enough structure for analysis by the BIAcore X SPR instrument, which has a detection

59

limit of ~200 Da. The Y, G, and F homopeptides were chosen because they represent the
mid-chain residue units that make up leucine enkephalin; the YL dipeptide represents the
set of chain ends for leucine enkephalin. Figure 2.2 shows that the adsorption of a shortchain peptide on a confined, ultrathin polymer surface can be followed by SPR under
conditions of continuous flow. Response curves (or sensorgrams) for leucine-enkephalin
on PVP are given for illustration; response curves for all peptides on the three different
polymer surfaces are given in Appendix A.
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Figure 2.2. Response curves (sensorgrams) for leucine enkephalin adsorbing on the PVP
surface at 25 °C from pH 7 HEPES buffer solutions.

When the surface is exposed to a peptide-containing solution, a rapid signal
response is generated due to differences in the refractive indices of the buffer and peptide
solution (1000 RU is a change in resonance angle of 0.1° and corresponds to a change in
the index of refraction in solution of 0.0011 [BIAtechnology Handbook, 1997], followed
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by a slower increase as the peptide adsorbs to the surface to reach thermodynamic
equilibrium. On re-exposure to buffer, one sees a rapid drop in the SPR signal due to
refractive index switching, followed by a slower desorption of peptide from the surface.
Prior to sample injection, an injection of 40 μL of blank buffer was done to measure the
bulk shift associated with the buffer alone. Corrections to the overall response were made
by subtracting the signal of the blank buffer and the bulk shift due to refractive index
switching using BIAevaluation 3.1 software (Biacore, Inc.). SPR responses (RU) versus
time were recorded for each peptide-surface system at 25 °C and at least six different
peptide solution concentrations. The adsorption results on two flow channels were
averaged. After correcting for the buffer blank and bulk shift, one RU change is
approximately equal to a change in surface concentration of 0.001 ng/mm2 of adsorbed
peptide [BIAtechnology Handbook, 1997; Sternberg, 1991]. SPR curves were done under
kinetic control (not diffusion control). In order to confirm the kinetic control, I have done
the adsorption experiments at two flow rates and found that the adsorption rates were
independent of spr flow rate.
Adsorption

isotherms

were

generated

by

plotting

normalized

surface

concentration versus peptide solution activity. Figures 2.3-2.13 show the adsorption
isotherms for all peptides adsorbing on PVP, PS, and BzPVP after bulk corrections. Error
bars represent the standard deviation for at least two measurements taken with the same
surface on different days.
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Figure 2.3. Adsorption isotherms for tyrosine peptides (2, 3 and 6 units) adsorbing on the
poly(2-vinylpyridine) surface at 25 °C from pH 7 HEPES buffer solutions. Symbols
represent experimental data. Curved lines represent predictions for YYYY (— —) and
YYYY.
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Figure 2.4. Adsorption isotherms for phenylalanine peptides (2, 3 and 4 units) adsorbing
on the PVP surface at 25 °C from pH 7 HEPES buffer solutions.
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Figure 2.5. Adsorption isotherms for glycine peptides (4, 5 and 6 units) adsorbing on the
PVP surface at 25 °C from pH 7 HEPES buffer solutions.
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Figure 2.6. Adsorption isotherms for tyrosine peptides (2, 3 and 6 units) adsorbing on the
PS surface at 25 °C from pH 7 HEPES buffer solutions.
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Figure 2.7. Adsorption isotherms for phenylalanine peptides (2, 3 and 4 units) adsorbing
on the PS surface at 25 °C from pH 7 HEPES buffer solutions.
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Figure 2.8. Adsorption isotherms for glycine peptides (3, 4 and 5 units) adsorbing on the
PS surface at 25 °C from pH 7 HEPES buffer solutions.
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Figure 2.9. Adsorption isotherms for tyrosine peptides (2, 3 and 6 units) adsorbing on the
BzPVP surface at 25 °C from pH 7 HEPES buffer solutions
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Figure 2.10. Adsorption isotherms for phenylalanine peptides (2, 3 and 4 units)
adsorbing on the BzPVP surface at 25 °C from pH 7 HEPES buffer solutions
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Figure 2.11. Adsorption isotherms for glycine peptides (4, 5 and 6 units) adsorbing on
the BzPVP surface at 25 °C from pH 7 HEPES buffer solutions.
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Figure 2.12. Adsorption isotherms for leucine-tyrosine peptide adsorbing on the PVP, PS,
and BzPVP surfaces at 25 °C from pH 7 HEPES buffer solution
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Figure 2.13. Adsorption isotherms for leucine enkephalin peptide adsorbing on the PVP,
PS, and BzPVP surfaces at 25 °C from pH 7 HEPES buffer solutions.

The curves in Figures 2.3-2.13 represent best fits to the Langmuir adsorption
model; the data were described well by this model. The Langmuir adsorption model is
used widely to characterize the adsorption behavior of peptides and small proteins
[Latour et al., 2000]; it can be expressed as
Q=

KaQm
Ka + aw

(2.10)

where Q is the mass of peptide adsorbed on the surface, Qm is the mass of peptide
adsorbed on the surface at surface saturation, a is the activity of peptide in solution, aw is
the molar activity of water in solution. The initial slopes of these isotherms (i.e., in the
limit of zero solution activity) were used to extract thermodynamic adsorption data. The
percentages of irreversibly bound peptide over the timeframe used in the wash step were
low at solution activities studied. This finding justifies the use of reversible
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thermodynamic principles at low solution activities. An extended rinse (control)
experiment was done to quantify the degree of reversibility, and it was found that
essentially complete desorption of the peptide takes place after 360 s rinse, as shown in
Figure 2.14. Table 2.3 summarizes the ΔGad values for these peptides, along with the

uncertainty value for each. The uncertainty values represent standard deviations from
fitting two independent sets of adsorption isotherm data for the same peptide.
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Figure 2.14. Response curves (sensorgrams) for Tyr-Tyr-Tyr-Tyr-Tyr-Tyr adsorbing on
the PVP surface at 25 °C from pH 7 HEPES buffer solutions. Longer contact with buffer
resulted in continual peptide desorption leading to complete reversibility after about 300 s
of buffer rinse. The degree of reversibility varies from 100 % for the lowest concentration
(0.03 mg/ml) to 96.5 % for the highest concentration (0.30 mg/ml).
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Table 2.3. Measured values of the Gibbs energy of adsorption for peptides on poly(2vinylpyridine), polystyrene, and poly(1-benzyl-2-vinylpyridinium bromide) films at 25
°C.

Peptides

YY
YYY
YYYYYY
FF
FFF
FFFF
GGG
GGGG
GGGGG
GGGGGG
YL
YGGFL

PVP
−2.12 ± 0.04
−2.87 ± 0.03
−5.24 ± 0.06

ΔGad (kcal/mol)
PS
−2.48 ± 0.08
−3.13 ± 0.09
−4.91 ± 0.19

BzPVP
−2.16 ± 0.04
−3.26 ± 0.20
−5.51 ± 0.48

−2.29 ± 0.06
−2.95 ± 0.09
−3.69 ± 0.08
-−2.08 ± 0.04
−2.41 ± 0.05
−2.82 ± 0.07

−2.78 ± 0.11
−3.65 ± 0.10
−4.31 ± 0.17
−1.99 ± 0.05
−2.36 ± 0.04
−2.79 ± 0.11
--

−2.39 ± 0.12
−3.12 ± 0.21
−4.37 ± 0.33
-−1.78 ± 0.09
−2.51 ± 0.15
−3.04 ± 0.19

−1.92 ± 0.07
−3.34 ± 0.11

−2.10 ± 0.08
−3.40 ± 0.04

−1.82 ± 0.06
−3.51 ± 0.14

The adsorption of 3-unit glycine peptide was only reported for PS because the
responses were too low for adsorption to the PVP and BzPVP surfaces. Since I was able
to measure the adsorption energy for the mid-chain glycine residue from data for the 3, 4
and 5 unit glycine peptides, the 6-unit glycine was not studied for PS. The K values for
calculating these thermodynamic parameters were taken from the initial slopes of the
best-fit curves shown on Figures 2.3-2.13 where adsorption is reversible. In the true
thermodynamic sense, the K value is a ratio of surface-to-solution activities, which are
unitless. For the liquid phase, the standard state was chosen to be an ideal, hypothetical 1
molal solution. For the real solution, the activity coefficient (γi) was determined from the
Debye-Hückel Limiting Law, such that γi → 1 as mi → 0. Surface activity was
determined by normalizing the mass of peptide adsorbed (Q) by the mass for monolayer
surface coverage (Qm), which was determined by fitting these data values to the
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Langmuir adsorption model. Comparing the results for tyrosine, phenylalanine, and
glycine homopeptides using the principle of additivity, the ΔGad,residue for single midchain amino acid residues were calculated from Equation 2.2; Table 2.4 summarizes
these data. One observation that I discovered was that chain ends contribute differently
than mid-chain residues.
The reasonable explanation for this result is that the end groups have carboxylate
or amino groups, whereas the mid-chain groups have lost these groups in the formation of
amide links within the peptide chain. It is expected that the carboxylate or amino groups
would have different interaction strengths with the surfaces than an amide group within
the peptide backbone.

Table 2.4. Measured values of the Gibbs energy of adsorption for the mid-chain and
chain end residues on poly(2-vinylpyridine), polystyrene, and poly(1-benzyl-2vinylpyridinium bromide) films at 25 °C.

-Y-

ΔGad (kcal/mol)
PVP
PS
BzPVP
−0.75 ± 0.07 −0.65 ± 0.17 −1.10 ± 0.24

-F-

−0.66 ± 0.15

–0.87 ± 0.21

−0.73 ± 0.33

-G-

−0.33 ± 0.09

−0.37 ± 0.09

−0.73 ± 0.24

Y-L

−1.92 ± 0.07

−2.10 ± 0.08

−1.82 ± 0.06

Residue

Comparing the results for two-unit (YY) and three-unit (YYY) tyrosine peptides
using the principle of additivity showed that the ΔGad,residue for a single midchain tyrosine
residue (-Y-) was calculated to be -0.75 ± 0.07 kcal/mol. The value for a set of tyrosine
end units was taken to be that for the two-unit peptide; its value was –2.12 ± 0.04
kcal/mol. Armed with ΔGad,residue data for mid-chain and chain end residue unit, Equation
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2.2 was used to estimate the overall ΔGad for the 6 unit tyrosine peptide, which comprises
four mid-chain residues and one set of chain end residues. The estimated value for ΔGad
was -5.12 ± 0.32 kcal/mol [This value could also be determined by adding three midchain units to the 3-unit tyrosine peptide. In that case, the uncertainty value would be ±
0.24 kcal/mol]; this estimate deviated by only 3 % from its measured value of –5.24 ±
0.06 kcal/mol. Within the experimental uncertainty values, the estimated and measured
values are the same.
Applying the same principle of additivity, I estimated the adsorption energies for
all the amino acid residues comprising leucine enkephalin. Table 2.4 summarizes the
ΔGad values for the phenylalanine and glycine peptides, along with the uncertainty value

for each. For phenylalanine, the mid-chain residue value was obtained by comparing the
results for two unit (FF) and three-unit (FFF) phenylalanine peptides. For glycine, the
mid-chain residue value was obtained by comparing the results for four-unit (GGGG) and
five-unit (GGGGG) glycine peptides. Table 2.4 also shows the ΔGad values for the
tyrosine-leucine (YL) peptide and leucine enkephalin (YGGFL), along with uncertainty
values.
Armed with ΔGad,residue data for mid-chain and chain-end residue units (Table 2.4),
Equation 2.2 was used to estimate the overall ΔGad for YYYYYY, FFFF, GGGGGG, and
leucine enkephalin (Y-G-G-F-L), which comprises three mid-chain residues (-G-G-F-)
and one set of chain-end residues (Y-L). Table 2.5 compares the estimated and measured
values for these peptides and gives the percentage deviations. Percentage deviation is
defined here as the difference between the measured value and the estimated value,
divided by the measured value, multiplied by 100%. For PVP surface, the estimated
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values for ΔGad deviated by ≤ 3.0% from the measured values, and were the same within
experimental uncertainties. This result demonstrates that extension of data from
homopeptide adsorption can allow the prediction of the adsorption energy for a mixedresidue peptide on this polar, uncharged (at pH 7) surface.

2.3.4 Peptide Adsorption on Polystyrene
Table 2.3 summarizes the ΔGad values for all of the peptides studied on PS, along

with the uncertainty value for each. As was done for PVP, I compared the results for
homopeptides to calculate the ΔGad,residue values for mid-chain residues using the principle
of additivity; Table 2.4 summarizes these data. Armed with ΔGad,residue data, Equation 2.2
was used to estimate the overall ΔGad for YYYYYY, FFFF, GGGGG, and leucine
enkephalin (Y-G-G-F-L); Table 2.5 compares the estimated values and measured values
for these peptides and gives the percentage deviations. For PS surface, the estimated
values for ΔGad deviated by ≤ 9.1% from the measured values, and were the same within
experimental uncertainties.
This result demonstrates that extension of data from homopeptide adsorption can
allow the prediction of the adsorption energy for a mixed-residue peptide on this
nonpolar, uncharged surface.
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Table 2.5. Comparison of the theoretical ΔGad value predictions (based on additivity) to
measured ΔGad values for all of the peptides on poly(2-vinylpyridine), polystyrene, and
poly(1-benzyl-2-vinylpyridinium bromide) films at 25 °C.

Surface

Peptide

PVP
PVP
PVP
PVP
PS
PS
PS
PS
BzPVP
BzPVP
BzPVP
BzPVP

YYYYYY
FFFF
GGGGGG
YGGFL
YYYYYY
FFFF
GGGGG
YGGFL
YYYYYY
FFFF
GGGGGG
YGGFL

Measured
−5.24 ± 0.06
−3.69 ± 0.08
−2.82 ± 0.07
−3.34 ± 0.11
−4.91 ± 0.19
−4.31 ± 0.17
−2.79 ± 0.11
−3.40 ± 0.04
−5.31 ± 0.48
−4.37 ± 0.33
−3.04 ± 0.19
−3.51 ± 0.14

ΔGad (kcal/mol)
Predicted
% deviation
−5.12 ± 0.32
2.3
−3.61 ± 0.36
2.2
−2.74 ± 0.22
2.8
−3.24 ± 0.40
3.0
−5.08 ± 0.76
−3.5
−4.52 ± 0.53
−4.9
−2.73 ± 0.23
2.2
−3.71 ± 0.47
−9.1
−6.56 ± 1.00
−23.5
−3.85 ± 0.78
11.9
−3.24 ± 0.57
−6.6
−4.01 ± 0.87
−14.2

2.3.5 Peptide Adsorption on Quaternized Poly(2-vinylpyridine)
Table 2.3 summarizes the ΔGad values for all of the peptides studied on BzPVP,

and Table 2.4 gives the values for individual residue units, along with the uncertainty
value for each. Results in Table 2.5 show that estimated and measured values differ to a
larger extent on BzPVP than on PVP or PS, with the value for YYYYYY differing by the
largest extent of -23.5%. Among the four peptides studied for comparison of predicted
versus measured ΔGad values, all showed values that were additive within experimental
uncertainties (although it must be noted that uncertainties were, in general, larger for this
surface).
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2.3.6 Analysis of Adsorption Data

Analysis of the peptide adsorption data on the three surfaces suggests that the
adsorption increased with the hydrophobicity of the peptides. The peptides differ in the
side chains of the amino acid residues; this determines their hydrophobicity (or
hydrophilicity). For example, among the amino acids making up the peptides studied, the
order of hydrophobicity from highest to lowest is phenylalanine (1) > leucine (2) >
tyrosine (4) > glycine (11), where the numbers in parentheses are the hydrophobicity
indices among the 20 naturally occurring amino acids [Weatherley, 2004].
Table 2.6. pKa and pI values of amino acids at 25 °C[Araki and Ozeki, 1991].
Amino acid

pI

Glycine
Leucine
Phenylalanine
Tyrosine

5.97
5.98
5.48
5.67

-COOH
pKa
2.34
2.36
1.83
2.20

-NH3
pKa
9.60
9.60
9.13
9.11

As shown in Table 2.6, the pI values of the amino acids that comprise the various
peptides vary from 5.48 to 5.98. It is anticipated that overall pIs of the peptides will not
deviate largely from this range of values. Consequently, at pH 7, the peptide residues will
have an overall negative charge. However, under the conditions used in this study, the
adsorption of the peptides will occur primarily via van der Waals (dispersive) interactions
and induced dipole interactions for the PVP and PS surfaces. The pKa of PVP was found
to be ~ 5 using titration experiments; this value agrees well with the previously reported
value of ~ 4.5 for PVP [Tantavichet, 2001]. Therefore, in a pH 7 buffer, all of the
pyridine groups in PVP exist in nonprotonated, non-ionic form. Thus, for PVP and also
PS, there will be only non-Coulombic interactions between the peptides and the PVP and
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PS surfaces.
As for the positively charged surface (BzPVP), the adsorption occurs by
dispersive and Coulombic interactions in a solution of pH 7. However, the interfacial
interactions between oppositively charged peptide residues and surfaces are highly
complex and one must be careful not to over interpret the data. The peptide solutions
contain several ionic components (such as HEPES buffer and Na+ and Cl-) that were
introduced to maintain a solution of pH 7. According to Vernekar and Latour [2005], an
accurate picture of this adsorption system comprises a positively charged surface with a
negatively charged solute in aqueous solution with both counter-ions (anions) and co-ions
(cations) in solution forming an ionic double layer over the surface. Therefore,
“adsorption” involves an ion-exchange process between the peptide residues and the
negatively charged counter-ions, associated with a disruption of the ionic double layer by
the whole peptide chain. In addition to these exchange effects, there will be hydration
layer effects since hydration of the charged surface is energetically favorable. For
example, Mungikar and Forinciti [2004] have found in their Monto Carlo simulations that
a water patch was retained between the oppositely charged surface and peptide; this water
patch was unaffected by the presence of the peptide.
Comparing the ΔGad values of similarly sized homopeptides (YY/FF;
YYY/FFF/GGG; FFFF/GGGG; YYYYYY/GGGGGG) on the uncharged PVP and PS
surfaces; I found that the interaction energies correlated to the hydrophobicities of the
peptides, as reported by the hydrophobicity index scale [Araki and Ozeki, 1991]. In all
cases for these surfaces, ΔGad values were more negative for FF peptide relative to YY.
Similarly, I found that |ΔGad (FFF)| > |ΔGad (YYY)| > |ΔGad (GGG)|; |ΔGad (FFFF)| >
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|ΔGad (GGGG)|; and |ΔGad (YYYYYY)| > |ΔGad (GGGGGG)|. One consistent deviation
from the hydrophobicity index scale was the finding that |ΔGad (YY)| > |ΔGad (YL)| for
both uncharged surfaces. An opposite trend was seen by Latour and Rini [2002] for
adsorption of leucine and phenylalanine to methyl-terminated SAMs, wherein
phenylalanine was adsorbed less strongly than leucine. To rationalize these two sets of
results, I considered the well-known observation that mixtures of aliphatic hydrocarbons
are nearly ideal, as are mixtures of aromatic hydrocarbons, but that mixtures of aliphatic
hydrocarbons with aromatic hydrocarbons are appreciably nonideal [Prausnitz et al,
1999]. Applying this knowledge to the present system suggests that the aromatic side
chain of tyrosine is more compatible with our aromatic surfaces than the aliphatic side
chain of leucine. This logic also is consistent with the above-mentioned findings of
Latour and Rini [2002], who found leucine (with an aliphatic side chain) interacting more
strongly with the aliphatic SAM surface than phenylaline (with an aromatic side chain).
For the charged BzPVP surface where dispersive and Coulombic interactions
contribute to peptide adsorption, ΔGad values followed the same trends observed for the
uncharged PVP and PS surfaces. The sole exception was that ΔGad values for YYY and
FFF were the same within experimental uncertainties.
Comparing the ΔGad values for a given peptide adsorbing to different surfaces, the
following trends were observed: In all cases but one (GGGG being the exception), I
found that |ΔGad (BzPVP)| ≥ |ΔGad (PVP)| within experimental uncertainties. In all cases
but one (YYYYYY being the exception), I found that |ΔGad (PS)| ≥ |ΔGad (PVP)| within
experimental uncertainties. Based on the former observation, it appears that introduction
of positive charge to the PVP layer leads to an additional, electrostatic driving force for
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adsorption of these negatively charged peptides. From the latter observation and the
measured water contact angles of 67 ± 2° for the PVP surface and 89 ± 3° for the PS
surface, it appears that adsorption is favored to the more hydrophobic, non-polar surface.
The interaction between the polymer surface and water plays an important role in the
adsorption of the peptides. The hydration energy of pyridine has been found to be -11.98
kcal/mol [Sacconi, 1960]; that for benzene is -7.08 kcal/mol [Makhatadze and Privalov,
1994; Graziano and Lee, 2001]. Based on these values, I expect the hydration energy for
the PVP to be more negative than that for PS. Thus, for a given peptide to adsorb, more
energy will be needed to displace water from PVP than from PS. This larger energy
penalty for dehydrating the PVP surface, relative to the PS surface, may help to explain
why net interactions are less favorable between the peptides and the PVP surface
compared to those for the PS surface.

2.4 Conclusions

This work described the methodology for preparing uniform, charged and
uncharged nanothin polymer films and measuring the adsorption energies of short-chain
peptides on these films in order to determine submolecular-level interaction energies. The
hypothesis was this: For short-chain biomolecules at low concentrations, where
adsorption can be considered reversible, applying the principle of additivity to known
submolecular-level interaction energies may allow predictive estimates for the adsorption
energies of mixed-residue biomolecules. Combining the thermodynamic contributions for
adsorption of individual peptide units allowed predictive estimates of the adsorption
energy for homopeptides and the mixed-residue peptide, leucine enkephalin; experiments
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with uncharged surfaces confirmed that these estimates deviated by no more than |9.1%|
from measured values and were the same within the uncertainty of experimental
measurements. The adsorption energies for the charged surface were found to be additive
within experimental uncertainties in all cases; however, in general, deviations for the
charged surface were larger (up to |23.5%|), as were uncertainty values. For these
reasons, the assumption of additivity is less suitable, and arguably not suitable, for
charged surfaces.
Comparing the ΔGad values of similarly sized homopeptides on the uncharged
PVP and PS surfaces, I found that the interaction energies correlated to the
hydrophobicities of the peptides. Comparing the ΔGad values for a given peptide
adsorbing to different surfaces at pH 7, two trends emerged: Adsorption to positively
charged BzPVP was generally more favorable than adsorption to PVP within
experimental uncertainties. Adsorption to non-polar, hydrophobic PS was generally more
favorable than adsorption to polar, hydrophobic PVP.
Supporting Information Available: Appendix A provides chemical structures for all

of the peptides studied, followed by surface plasmon resonance (SPR) response curves at
25 °C and pH 7 for all these peptides on nanothin films of poly(2-vinylpyridine) (PVP),
poly(styrene) (PS), and poly(1-benzyl-2-pyridinium bromide) (BzPVP).
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CHAPTER THREE
POLYMER NANOLAYERS WITH INDEPENDENTLY VARIABLE GRAFTING
DENSITIES AND LAYER THICKNESSES FOR PEPTIDE ADSORPTION AND
CELL ADHESION STUDIES
[As published in Biomaterials, 28, 763-771, 2007 with modifications and additions.]

3.1 Introduction

Interfacial properties of surfaces such as biocompatibility and wettability can be
controlled by modification chemistries that coat the surface with polymeric nanolayers.
Surface modification by graft polymerization yields materials with improved properties
for biomedical/biomaterials research [Liu, et al., 2004; Yang et al., 2005], cell-adhesion
studies [Ku et al., 2005; Sharma et al., 2004], microfluidics [Hu, et al., 2002] and food
packaging [Ghosh, 2004; Ozdemir, 1999], just to name a few. Many applications in these
fields require the surface to have specific structure and chemical properties, and the
flexibility of graft polymerization to create polymer brush layers with controllable
thickness, grafting density, and chemical composition makes it attractive as a surface
modification method. An important application of these polymer brush layers is the
development of biocompatible surfaces that resist non-specific protein adsorption and
minimize cell adhesion. Poly(ethylene glycol) (PEG) is used commonly as a chemical
modifier for this application; it possesses many required physical and biochemical
properties, such as biocompatibility, non toxicity, and miscibility with many solvents
[Branch, 2004; Gotoh, 1997]. As a material in biomedical and biomaterials research, PEG
and its derivatives exhibit antifouling effect to a wide variety of proteins [Gotoh, 1997;
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Popot, 2004], suppress platelet adhesion [Shah, 2000], and reduce cell attachment and
growth [Gotoh, 1997; Shah, 2000]. The high chain mobility and high excluded volume of
PEG allow coatings made from it and its derivatives to resist interlayer penetration of
biomolecules in an aqueous environment.
In designing a polymer nanolayer to interface with a biological system, one of the
most important properties that determine its performance is the grafting density.
Generally speaking, higher graft density polymer brushes impart greater resistance to
protein adsorption. Fang et al. [2006] used surface-initiated atom transfer radical
polymerization

(ATRP)

to

prepare

biomimetic

poly(2-methacryloyloxyethyl

phosphorylcholine) and studied the separate effects of grafting density and chain length
on protein repulsion. They found that fibrinogen adsorption decreased significantly with
increasing graft density and chain length. It has also been argued that above a certain
graft density, protein adsorption begins to increase again due to the inability of PEG
chains to hydrate. Unsworth et al. [2005] used a model system based on the
chemsisorption of chain-end thiolated PEO to a gold substrate. They reported that the
resistance to protein adsorption increased with increasing chain density and was highest
at a density of ~0.5 chains/nm2. As the density increased beyond 0.5 chains/nm2, protein
adsorption increased, presumably due to dehydration of chemisorbed PEO. Andruzzi et
al. [2005] used nitroxide-mediated polymerization of styrene polymers containing
oligo(ethylene glycol) moieties for the preparation of bioselective surfaces. They reported
that grafted polymer brushes with short OEGn side chains suppressed protein adsorption
significantly compared to deposited assemblies of short OEGn chains due to higher
surface coverage of the brushes. Ma et al. [2006] have synthesized poly (oligo(ethylene
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glycol) methyl methacrylate) by surface-initiated atom transfer radical polymerization
(SI-ATRP) from a mixed self-assembled monolayer (SAM) of an ATRP initiatorfunctionalized alkanethiol and a diluent, methyl-terminated thiol. They found that
fibronectin (Fn) adsorption was negligible on poly(OEGMA) grown from the surface of
the mixed SAMs on gold shows that above a threshold solution molar ratio of the ATRPinitiator thiol to methyl-terminated thiol of 0.2, and a dry film thickness of ∼ 4 nm using
surface plasmon resonance (SPR) spectroscopy. Recently, Amis and co-workers [2005]
studied the effect of grafting density on cell adhesion for well-defined poly(2hydroxyethyl methacrylate) (PHEMA) layers grown by ATRP. They found that polymer
layers in the mushroom regime could be made adhesive to cells by preadsorbing
adhesion-promoting proteins. However, it was found that the brush regime, which has
higher grafting densities, resisted cell adhesion even with preadsorption of adhesionpromoting proteins. Bhat et al. [2005] prepared linear and orthogonal gradient PHEMA
assemblies with gradually varying PHEMA grafting density and/or molecular weight.
They found that the adsorbed amount of fibronectin on the PHEMA substrate correlated
with the coverage of PHEMA on the substrate; the amount decreases with increasing
PHEMA coverage. McPherson et al. [1998] examined the adsorption of lysozyme and
fibrinogen to PEO-modified glass by varying the surface density and chain length of PEO
units deposited to the glass. They report that surface density of the grafted polymer is the
most important parameter in preventing protein adsorption; whereas, the polymer
molecular weight, or the chain length, was found to have a weak effect.
Surface-initiated polymerization methods have been used to grow well-defined
polymer brush layers from substrates; polymerization methods include anionic
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polymerization [Jordan et al., 1999], cationic polymerization [Jordan, 1998], nitroxidemediated radical polymerization [Bartholome, 2003; Husseman, 1999], free radical
polymerization [Prucker and Rühe, 1998; Schmidt, 2003], reversible additionfragmentation chain-transfer radical polymerization (RAFT) [Baum and Brittain, 2002]
and atom transfer radical polymerization [Gopireddy and Husson, 2003; Huang, 1998;
Kim, 2003; Li et al., 2004; Matyjaszewski, 1999; Matyjaszewski, 2001; Samadi et al.,
2006; Singh and Husson, 2005; Singh and Husson, 2006; Zhao and Brittain, 2000]. This
work centers on the fabrication of surface-tethered polymer nanolayers with ATRP. Our
group uses ATRP extensively to prepare grafted polymer nanolayers, because it yields
highly uniform surfaces with high graft densities [Li et al., 2004; Samadi et al., 2006;
Singh and Husson, 2005; Singh and Husson, 2006; Zhao and Brittain, 2000]. ATRP
allows us to design and independently manipulate the chain length, grafting density and,
thus, chain conformation of surface-tethered polymer nanolayers.
In this study, I used surface-initiated ATRP together with self-assembly of
alkanethiols to generate and characterize polymer nanolayers on gold substrates. This
research is directed toward controlling the interactions of proteins and cells with solid
surfaces. Adsorption of proteins and adhesion of cells plays an important role in several
key cellular processes. By changing the chemical nature of a surface, it is possible to
drastically alter the biological response of the material. Although the effect of grafting
density on protein adsorption has been studied, little has been done to investigate the
adsorption of small peptides on these polymer nanolayers and to further understand its
effect on the cellular response. Understanding small peptide adsorption is important since
these molecules are expected to penetrate more easily into a surface layer than proteins.
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Keeping this in view, I have grafted polymer nanolayers of the non-fouling polymer
poly(poly(ethylene glycol) methacrylate) (PPEGMA) and studied peptide adsorption and
cell adhesion and spreading on these synthetic surfaces. One additional feature of this
study is that graft densities were controlled independently from layer thickness.

3.2 Materials and Methods
3.2.1 Materials

Gold substrates were used as received from BIAcore, Inc. (SIA Au kit, BR-100405). These chemicals were purchased from Aldrich and used as received: 1dodecanethiol (98.5%), 2-bromo-2-methylpropionyl bromide (98%), copper (I) chloride
(99.995+%), copper (II) chloride (99.99%), 2,2’-bipyridyl (99+%), ethyl alcohol (ACS
reagent, 99.5%), anhydrous toluene (ACS reagent, 99.8%), and acetonitrile (ACS
reagent, 99.9+ %). HEPES buffer (99.5+%) was used as received from Sigma. Gly-ArgGly-Asp-Ser (GRGDS) peptide was used as received from Bachem Chemical.
Poly(ethylene glycol) methacrylate (PEGMA) macromonomer (Mn ~360 g/mol) was
purchased from Aldrich; prior to use, it was purified by passing through a neutral alumina
column to remove the monomethyl ether hydroquinone inhibitor. The self-assembling
polymerization initiator molecule (PIM) (BrC(CH3)2COO(CH2)11S)2 was synthesized
using a literature procedure described by Shah et al. [2000]. For cell culture experiments,
Dulbecco's Modified Eagles Media, sodium bicarbonate, antibiotic/antimycotic solution,
Calf Serum, and Dulbecco’s phosphate buffered saline solution (DPBS) were obtained
from Sigma.
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Gold-coated glass substrates were cleaned just prior to use in a UV cleaner.
Solutions of dodecanethiol and PIM were prepared in anhydrous ethanol. The total
concentration of thiol was held constant at 1 mM, while the molar amounts of
dodecanethiol

and

PIM

varied.

Gold

substrates

were

incubated

in

these

dodecanethiol/PIM solutions for 16 h at room temperature under a nitrogen atmosphere to
form mixed self-assembled monolayers. The surfaces were then washed in ethanol using
an ultrasonic cleaner for exactly 10 s, rinsed with ethanol and deionized water, and dried
with nitrogen.
Room temperature ATRP was used to grow poly(PEG methacrylate) (PPEGMA)
chains from the dodecanethiol/PIM-functionalized gold surfaces using doubly distilled
water as the solvent. The polymerization solution comprised PEGMA (0.50 M), CuCl
(0.50 mM), CuCl2 (0.10 mM), and ligand, 2,2’-bipyridyl (1.0 mM) added to 20 mL of
HPLC water. The mixture was degassed using three freeze-pump-thaw cycles with
vacuum evacuation and backfilling with nitrogen gas. All polymerization steps were
carried out in an oxygen-free glovebox to avoid catalyst oxidation and radical quenching.
Once inside the glove box, the PIM-functionalized substrates were placed in the
polymerization solution for times of 1 to 3 hr. After polymerization, substrates were
washed thoroughly with excess HPLC water and dried with nitrogen. For growth rate
studies, the surfaces were removed from solution at 1 hour time intervals and
immediately submerged into a 5 mM solution of Cu(II)Cl2/2,2’-bipyridyl in doubly
distilled water to ensure that growing radical chains were end-capped with halide prior to
removal from the glovebox. Each surface was rinsed with ethanol and doubly distilled
water before characterization.
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3.2.2 Characterization

Static contact angle measurements were conducted for all surface layers using a
Krüss G10 instrument and HPLC water as the probe liquid. For consistency, contact
angle measurements were taken exactly 30 seconds after placement of a water droplet on
the surface, and reported values represent the average and 95% confidence intervals
obtained using at least three 20 μl droplets on each surface.
Layer thicknesses were measured using a Beaglehole Instruments phasemodulated PicometerTM ellipsometer. A single wavelength (λ = 632.8 nm) laser was used,
and the ellipsometric angles ψ and Δ were measured by changing the angle of incidence
from 80° to 35°. These data were fit using a box-like segment density profile to
determine the layer thickness. A refractive index of 1.5 was assigned to the PIM and
polymer layers. For measurements in the solvent swollen state, layer refractive index was
used as a variable. Details of the measurement cell and methods used for the swelling
experiments have been given elsewhere [Samadi et al., 2005; Singh and Husson, 2006].
ER-FTIR spectra were collected using a Nicolet Nexus 870 FTIR spectrometer
equipped with a Spectra-Tech FT-80 Horizontal Grazing Angle accessory. All spectra
were collected with a resolution of 2 cm-1 using 2000 scans at an 80° fixed incidence
angle.
SPR measurements were done with a BIAcore X instrument (BIAcore, Inc.,
Sweden) at 25 °C. The gold-coated substrate with a nanothin polymer layer was mounted
on a plastic cassette. All GRGDS peptide solutions were made immediately prior to
analysis using 10 mM HEPES buffer (pH 7.0) that had been filtered and degassed
rigorously. The GRGDS concentration was 1.5 mg/mL. A multichannel measurement
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model was used with a flow rate of 40 μL/min. The injection sample volume was 45 μL,
and the regeneration solution was 25 μL of 20% (v/v) acetonitrile in HEPES buffer. All
injections were done using a 20 s delay injection model. At least two injections were
done for each concentration. Additional details of the SPR method and sample
preparation for adsorption experiments have been given elsewhere [Singh and Husson,
2005, 2006].

3.2.3 Cell culture

A cell line of highly contact-inhibited cells (Mouse fibroblast cells MC-3T3)
(CRL-1658, American Type Culture Collection, Manassas, VA) derived from NIH Swiss
mouse embryo cultures, were cultured at standard conditions (37 °C, 5% CO2) in
Dulbecco's Modified Eagles Media containing 4500 mg/L glucose, L-glutamine, and
sodium pyruvate, without sodium bicarbonate. Sodium bicarbonate (3.698 g) and
antibiotic/antimycotic solution (100X) (20 mL, stabilized) were added to the Dulbecco’s
Modified Eagle’s Media followed by addition of Calf Serum (10 mL). The final pH of the
media solution was 7.7. Cell pellets were collected by centrifugation (1000 rpm/5 min) in
a conical tube. After centrifuging, they were re-suspended in 0.5 mL of DPBS. Cells were
counted using a hemocytometer by mixing 20 μl of cell suspension with 20 μl trypan blue
solution. The final concentration of the MC-3T3 cells was 100,000 cells/mL.
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3.3 Results and Discussion

Atom transfer radical polymerization was used to grow polymer films from the
surface. In previous papers [Gopireddy and Husson, 2003; Li et al., 2004; Samadi et al.,

2006; Singh and Husson, 2005, 2006], our group has discussed the advantages that ATRP
from the biosensor surface holds over conventional film preparation methods. In this
contribution, I highlight another important advantage, which is the ability to vary layer
thickness and chain graft density independently in order to study the impacts that these
properties have on peptide and cell adhesion. A critical aspect of such studies is the
characterization of nanolayer properties.

3.3.1 Surface characterization

The measured water contact angle of the PIM-functionalized substrate was 56 ±
2°, while that for the dodecanethiol-functionalized substrate was 107 ± 1°. These values
agree well with previously reported contact angles of 110° for dodecanethiol
[Bartholome, 2003] and advancing (θa = 69 ± 2°) and receding (θr = 46 ± 2°) contact
angle values for PIM [Shah et al., 2000]. Figure 3.1 presents static water contact angles
on freshly prepared mixed monolayers composed of dodecanethiol and PIM. The Cassie
equation is used often to fit the contact angle data for mixed SAMs; it predicts a linear
transition between the cos(θ) of the two pure-component SAMs [Cassie et al., 1944;
Cassie, 1948]. The non-linear relationship displayed in Figure 3.1 indicates that the
wettability of mixed SAMs of dodecanethiol and PIM is non-ideal as observed for other
systems [Bain et al., 1989, 1989].
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Figure 3.1. Static water contact angles for the gold substrates following immersion in
varying molar amounts of dodecanethiol/polymerization initiating molecules. Mole
fraction of PIM represents its value in solution.
Table 3.1 shows the water contact angles for PPEGMA layers prepared by graft

polymerization from surfaces with different SAM compositions. The reported errors
represent the average and 95% confidence intervals among at least three measurements.
The water contact angle was found to be 43 ± 2° for the PPEGMA surface prepared using
PIM only as the monolayer, which agrees well with a previously reported [Yu et al.,
2003] contact angle of 44 ± 4° for PPEGMA.
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Table 3.1. Water contact angles for PPEGMA films graft polymerized for 3 hrs from
gold surfaces that had been functionalized by submersion in solutions containing varying
molar amounts of dodecanethiol/ polymerization initiating molecules.

Dodecanethiol (mM) /
PIM (mM)
0.0/1.0

Water Contact
Angle
43 ± 2

0.1/0.9

43 ± 1

0.3/0.7

45 ± 1

0.5/0.5

49 ± 1

0.7/0.3

53 ± 1

0.9/0.1

81 ± 1

1.0/0.0

107 ± 1

ER-FTIR spectra were collected for the PPEGMA layers prepared by graft
polymerization for 3 hours from surfaces with different SAM compositions. ER-FTIR
was used as one analytical tool to examine how PIM composition impacted PPEGMA
layer growth. Figure 3.2 presents the reflectance FTIR spectra for dodecanethiol, PIM
and PPEGMA surface films grown for 3 hours from gold substrates with varying
compositions of dodecanethiol/PIM.
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Figure 3.2. External reflectance FTIR spectra of (a) dodecanethiol and (b)
polymerization initiating molecules on a gold substrate and PPEGMA surface films on
gold substrate with varying molar amounts of dodecanethiol/polymerization initiating
molecules: (c) 0.9/0.1, (d) 0.7/0.3, (e) 0.5/0.5, (f) 0.3/0.7, (g) 0.1/0.9 and (h) 0.0/1.0.
Ratios represent concentration ratios in mM/mM.

The presence of a dodecanethiol layer was indicated by the aliphatic -CH2- stretch
peaks at 2921 and 2853 cm-1 (spectrum 3.2a), and PIM was apparent from the
appearance of the carbonyl peak at 1735 cm-1 in addition to aliphatic -CH2- peaks
(spectrum 3.2b). The peak at 1725 cm-1 corresponds to the carbonyl group (C=O) of the

PPEGMA; its intensity increases with increasing PIM concentration, which indicates that
grafting density of the polymer increases with increasing PIM concentration.
Ellipsometry was used to measure the dry layer thickness (hd) of polymer films
for all substrates after polymerization for times varying from 1 hour to 3 hours. Figure
3.3 shows that as the surface mole fraction of PIM increases, the tethered chains

gradually stretch away from the underlying surface. Polymerization for 2 hours produced
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a PPEGMA film with a thickness of 32 ± 2 nm for a pure PIM monolayer. This value for
PPEGMA is higher than the value of 23 ± 1.0 nm reported by Yu et al. [2003] for similar
polymerization conditions (PEGMA (0.45 M), CuCl (0.45 mM), CuCl2 (0.09 mM), and
Bpy (1.08 mM)) and 2 h polymerization time. One difference in methods that might
account for this difference in layer thickness is that Yu et al. [2003] used a three-step
method to form the surface initiator: (i) self assembly of 10-undecylenic methyl ester
onto the silica surface by UV irradiation, (ii) reduction of the ester group of the
monolayer by LiAlH4, and (iii) esterification of the tethered hydroxyl groups with 2bromoisobutyryl bromide. Our procedure uses a preformed, self-assembling SAM that
would be expected to produce a higher surface initiator density than a multistep
functionalization. For example, Gopireddy and Husson [2003] measured only a 50%
efficiency

for

the

two-step

capping

of

chloromethyl)benzoyl chloride initiator.
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Figure 3.3. Nanolayer thicknesses of PEG methacrylate grown for three polymerization
times from surfaces with different surface mole fractions of PIM (estimated by Cassie
equation) on a solvent free-basis.
3.3.2 Nanolayer Swelling Studies

Ellipsometry was used to measure the solvent-swollen layer thicknesses (hs),
which were used along with dry layer thicknesses to estimate grafting densities and the
degrees of polymerization of the tethered chains. Details of the swelling measurements
and property estimates have been described in previous publications [Samadi et al., 2005;
Singh and Husson, 2006]. In this work, swelling experiments were done using water at
room temperature, which is a good solvent for the PPEGMA samples. Figure 3.4
presents the ellipsometric dry and swollen layer thicknesses for gold substrates immersed
in varying amounts of dodecanethiol/PIM followed by polymerization for 3 hours. By
using the thickness values of the brush in the collapsed (dry) and swollen states, the
degree of polymerization can be estimated using Equation 3.1.
N = [1.67] ( h swollen )

3/ 2

(h )

1/ 2

(3.1)

dry
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The constant in Equation 1 depends on the value of the excluded volume parameter, ω ≅
(7 Å)3, and υ = (a2/3)-1, where a is the Kuhn length for a monomer unit (a = 10.5 Å for
PEGMA). The software used for calculating excluded volume parameter (ω) and Kuhn
length (a) for PEGMA was "Polymer-Design Tools" from DTW Associates, Inc.
Calculations were conducted according to Bicerano [2002]. In Equation 1, values for h do
not include the thickness of the underlying SAM layer. With an estimate of the layer
density ρ0 (= 1.40 g/cm3 for PPEGMA), the grafting density σ (= ρohdry/N) was
calculated. I calculated the grafting densities by assuming the molecular weight constant
(or N) as determinesd in the brush regime. Using thickness values, I back calculated the
values of N which was found to be constant all throughout the mushroom and brush
regime.
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Figure 3.4. Ellipsometric dry and swollen layer thickness of PPEGMA graft polymerized
for 3 hours from gold substrates that had been functionalized by immersion in varying
molar amounts of dodecanethiol/polymerization initiating molecules. Solvent was water
for measuring the swollen layer thicknesses of PPEGMA.
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Table 3.2 summarizes the grafting densities as a function of the concentrations of

dodecanethiol/PIM. Roughly an order of magnitude variation was observed, from 0.033 ±
0.003 chains/nm2 for the substrate prepared with 0.9 mM/0.1 mM dodecanethiol/PIM to
0.361 ± 0.004 chains/nm2 for the substrate prepared using pure PIM. Figure 3.4 shows
that at low grafting densities, thickness is independent of the grafting density, while at
higher grafting densities, the polymer nanolayer thickness depends on the grafting
density.
Table 3.2. Graft density values for PPEGMA films graft polymerized for 3 hrs from gold
surfaces that had been functionalized by submersion in solutions containing varying
molar amounts of dodecanethiol/ polymerization initiating molecules.
Dodecanethiol (mM) /
PIM (mM)
0.9/0.1

Grafting density
(chains/nm2)
0.033 ± 0.003

1.62 ± 0.07

0.8/0.2

0.046 ± 0.007

1.37 ± 0.09

0.7/0.3

0.054 ± 0.004

1.27 ± 0.08

0.6/0.4

0.049 ± 0.003

1.32 ± 0.06

0.5/0.5

0.061 ± 0.005

1.12 ± 0.08

0.4/0.6

0.092 ± 0.003

0.97 ± 0.07

0.3/0.7

0.106 ± 0.001

0.91 ± 0.03

0.2/0.8

0.133 ± 0.002

0.80 ± 0.04

0.1/0.9

0.196 ± 0.005

0.67 ± 0.08

0.0/1.0

0.361 ± 0.004

0.51 ± 0.06
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D/2Rg

According to the Alexander de Gennes model [Alexander, 1977; de Gennes,
1980; Halperin and Alexander, 1988, 1989], the conformation of end-tethered chains
depends on the chain spacing, D, and the radius of gyration in solution, Rg. Two
conformation regimes are defined commonly; these are known as the mushroom and
brush regimes, and they depend on values of the ratio, D/2Rg. The mushroom regime is
characterized by a surface of nonoverlapping, unperturbed polymer coils. For the
mushroom regime, D/2Rg > 1, which indicates that the interchain distances are far
enough apart to accept additional chains without overlap. In contrast, the brush regime is
characterized by tethered chains that stretch away from the underlying surface to avoid
overlap. For the brush regime, D/2Rg < 1, which indicates that the chains are stretched
normal to the surface. By this definition of regimes, our polymer nanolayers show a
transition from mushroom to brush regimes with increasing grafting density.
In this study, I manipulated the grafting density, while using constant
polymerization time in an effort to keep the molecular weight constant. I realize that
higher graft densities might lead to more termination, but the conditions that I used here
were selected based on our observation of controlled growth [Singh et al., in
preparation]. Using appropriate scaling laws and fitting the data in the brush regime to hs

~ Nσn, I have found that n equals 0.39, which is slightly higher than the value of 1/3
predicted by the mean-field theories of polymer brushes [Milner, 1988; Milner et al.,
1988]. However, the value of n agrees with the value reported by Genzer and co-workers
[Wu et al., 2003]. The crossover density for the PPEGMA polymer brushes grafted on the
substrates was found to be 0.092 ± 0.003 chains/nm2, which also is comparable to the
value reported by that same group, albeit for a different polymer system [Wu et al.,
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2003]. Specifically, Genzer and co-workers [Wu et al., 2003] developed a methodology
to form grafting density gradients of poly(acrylamide) (PAAm) on flat silica substrates
and observed the transition from mushroom to brush regime of the grafted PAAm at a
crossover grafting density of 0.065 chains/nm2.

3.3.3 Peptide Adsorption on PPEGMA

SPR was used to measure the adsorption properties of Gly-Arg-Gly-Asp-Ser
(GRGDS) on the polymer surfaces having a variation of grafting density. GRGDS was
chosen because RGD contained in this synthetic peptide is contained in the sequence of
fibronectin, an adhesion promoting peptide found in virtually every tissue of the body
that is important for binding to membrane receptors, known as integrins [Tong, 1998].
GRGDS binds with the cells in a fashion similar to many adhesive proteins in the
extracellular matrix and causes rounding and detachment of spread cells [Pierschbacher,
1984].
Figure 3.5 shows the SPR sensorgrams for GRGDS peptide adsorption on the

PPEGMA surfaces. Prior to sample injection, an injection of 40 μL of blank buffer
(DPBS) was done to measure the bulk shift associated with the buffer alone. Corrections
to the overall response were made by subtracting the signal of the blank buffer and the
bulk shift due to refractive index switching using BIAevaluation 3.1 software (Biacore,
Inc.). SPR response units (RU) versus time were recorded for each peptide-surface
system at 25 °C for a peptide solution concentration of 1.5 mg/mL. The adsorption results
on two flow channels were averaged. After correcting for the buffer blank and bulk shift,
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one RU change equals ~0.001 ng/mm2 of adsorbed peptide [BIAtechnology Handbook,
1997].
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Figure 3.5. Surface plasmon resonance sensorgrams for the GRGDS peptide adsorbed on
PPEGMA nanolayers prepared by graft polymerization for 3 hours from gold substrates
that
had
been
functionalized
with
varying
molar
amounts
of
dodecanethiol/polymerization initiating molecules: (a) 0.0/1.0, (b) 0.1/0.9, (c) 0.3/0.7, (d)
0.5/0.5, (e) 0.7/0.3, (f) 0.9/0.1 and (g) 0.0/1.0. Ratios represent concentration ratios in
mM/mM. Corrections for blank buffer and the bulk shift have not been made to these
data.
Table 3.3 shows the areal mass of the GRGDS peptide adsorbed on the PPEGMA grafted

surfaces with different ratios of dodecanethiol/PIM. Error bars represent the standard
deviation for at least two measurements taken with the same surface on different days.
The GRGDS peptide adsorbed on the dodecanethiol surface and surfaces with low graft
density PPEGMA characteristic of the mushroom regime. For the higher graft density
PPEGMA surfaces (at or above the crossover density), negligible or no peptide
adsorption was observed.
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Table 3.3. Adsorbed areal mass of GRGDS peptide on PPEGMA films graft polymerized
for 3 hrs from gold surfaces that had been functionalized by submersion in solutions
containing varying molar amounts of dodecanethiol/ polymerization initiating molecules.
Dodecanethiol (mM) /
PIM (mM)

1.0/0.0

Areal mass of
peptide adsorbed
(ng/mm2)
0.198 ± 0.006

0.9/0.1

0.028 ± 0.003

0.7/0.3

0.008 ± 0.007

0.5/0.5

0.004 ± 0.001

0.3/0.7

0

0.1/0.9

0

0.0/1.0

0

In an attempt to interpret this result qualitatively, I first considered the design
parameters of Halperin [1999], recognizing the design assumptions of simple, flexible
polymer chains; dense, rigid, spherical biomolecules, no biomolecule-biomolecule
interactions in the polymer layer, and no polymer-surface interactions. Briefly, small
adsorbing biomolecules with radius (R) less than the film thickness (h) are expected to
weakly perturb a polymer brush layer and to penetrate the brush and undergo primary
adsorption at the surface (invasive mechanism) [Halperin, 1999]. This mechanism differs
from the case for large proteins (R/h >>1), which compress the layer and undergo
secondary adsorption at the brush periphery. For small peptides, the invasive mechanism
is likely, and theory suggests that graft density (σ) controls adsorption and that the
crossover graft density to repress adsorption relates to peptide radius and the adsorption
potential on the bare surface, in this case, dodecanethiol:
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σco [chains / nm 2 ]

2/3
1
1 − U ads kT )
2 (
R

(3.2)

Equation 3 relates the adsorption potential relates to the adsorption equilibrium constant:
K ads = exp ( − U ads / kT )

(3.3)

The adsorption equilibrium constant was regressed from adsorption data for GRGDS on
dodecanethiol, using the Langmuir model:
K ads a
Q
=
Q m 1 + K ads a

(3.4)

where a is the activity of GRGDS in solution. Analysis of the adsorption data yielded Uads
= -5.7 ± 1.1 kT.
Using intrinsic amino acid size parameters from Clemmer and co-workers
[Valentine, 1999], I estimated a cross-sectional area of 1.66 nm2 for GRGDS, which,
assuming spherical shape according to Halperin [1999], gives an R value of 0.73 nm.
Based on this radius and the value for Uads, a rough estimate of the crossover density to
repress adsorption was calculated to be 5.3 ± 0.9 chains/nm2. Clearly, these scaling
principles do not capture the physical situation even qualitatively.
An important design parameter that is not included in the above analysis is the
interaction between the polymer chains and the surface, which has been shown by
Szleifer and co-workers [Fang and Szleifer, 2002] to have important effects on the
prevention of protein adsorption. Specifically, a polymer that is attracted to a surface
competes with the protein for adsorption sites. For example, Fang and Szleifer [2002]
considered a flexible polymer on a flat surface in contact with a dilute solution of a
protein having spherical shape with R = 1.5 nm. This system represents lysozyme
adsorbing to a PEO grafted surface. For the case where the polymer-surface interaction
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energy was set to be – 1 kT, which is representative of PEO on hydrophobic surfaces, and
a graft density of 0.1 chains/nm2, they showed that the minimum protein-surface
interaction energy must be – 40 kT for any protein to adsorb. This calculation is
consistent with our experimental finding that no GRGDS (Uads = -5.7 kT) was bound to
the surface at graft densities above 0.106 ± 0.001chains/nm2.

3.3.4 Cell-Adhesion and Imaging Studies

Cell adhesion and spreading experiments were performed using fibroblast MC3T3 cells. Freshly prepared PPEGMA grafted polymer layers were soaked in anhydrous
ethanol for 5 minutes followed by washing with distilled water before being exposed with
the GRGDS peptide solution (1.5 mg/ml) for 2 hours at room temperature. Following this
peptide preadsorption step, substrates were dipped 3 times in PBS to remove GRGDS
solution containing unbound peptide. MC-3T3 cells were seeded at a density of 5000
cells/cm2 onto the substrates. After incubating for 8 hr, the cells were washed with PBS
and were analyzed using optical microscope.
Figure 3.6 shows the results of cell adhesion studies with the PPEGMA layers at

different grafting densities. Substrates were incubated for 8 hr only so that any surface
modification induced by cells is minimal, as suggested by Amis and co-workers [2005].
Negligible cell attachment was observed after 8 hr cell culture on the PPEGMA films
without GRGDS peptide preadsorbed, except for the dodecanethiol modified substrate.
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Figure 3.6. Micrographs of MC-3T3 cells adhering to the (a,b) 1-dodecanethiol modified
substrates and surfaces with different graft densities of PPEGMA. Graft density was
manipulated by varying the dodecanethiol/PIM amounts: (c,d) 0.9/0.1, (e,f) 0.7/0.3, (g,h)
0.3/0.7. The bar corresponds to 20 mm. (a), (c), (e) and (g) with GRGDS preadsorbed.
(b), (d), (f) and (h) without GRGDS preadsorbed. Ratios represent concentration ratios in
mM/mM.
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These results are consistent with previously reported results described in the
introduction that suggest that cell adhesion is suppressed on the PEG grafted substrates.
In contrast, cell attachment did occur to some extent on the low graft density PPEGMA
layers that had been pretreated by adsorption of GRGDS peptide. It should be taken in to
account even in the mushroom regime, the polymer nanolayers have PEG side chains
which supprsess the cell attachment. However, there was no peptide adsorption or cell
attachment in the brush regime. My results agree with the studies done by Amis and coworkers [2005] who have found that PHEMA polymer nanolayers in the mushroom
regime could be made adhesive to cells by preadsorbing adhesion-promoting proteins.
Peptide adsorption in the mushroom regime promoted the cell attachment on these
substrates; whereas the brush regime resisted cell adhesion, even with preadsorption of
the adhesion-promoting peptide.

3.4 Conclusions

A simple, reproducible and versatile methodology to prepare polymer nanolayers
with independently variable grafting densities and layer thicknesses has been
demonstrated. Ellipsometry and water contact angle measurements show that using
mixed solutions of dodecanethiol and PIM in combination with ATRP, yields polymer
films with grafting densities that transition from mushroom to brush regimes. These films
were used for peptide adsorption and cell adhesion studies. GRGDS was used as a model
peptide, and it promoted cell adhesion even for PPEGMA polymer layers grafted at low
densities on the substrates. Changes in the composition of the SAM underlayer produced
the transition from mushroom to brush regimes, which affected the peptide adsorption
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and subsequent cell attachment. SPR studies and cell culture studies suggested that the
peptide adsorption and cell attachment occurred only in the mushroom regime. At high
graft densities in the brush regime, there was negligible or no peptide adsorption and cell
attachment. This methodology provides many opportunities for the formation of welldefined, grafted polymer nanolayers with independent varying grafting densities that can
be used to control biological signals.
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CHAPTER FOUR
SURFACE MODIFICATION OF MICROPOROUS PVDF MEMBRANES BY ATRP
[As published in Journal of Membrane Science, 262, 81–90, 2005 with modifications and
additions.]

I have extended the fundamental work in Chapters 2 and 3 (preparation of well
defined nanolayers on model substrates and studies of biomolecule binding to these
layers) to applied studies on bioseparation material synthesis, specifically synthesis of
membrane adsorbers. I learned from the fundamental studies that the layer thicknesses
and grafting density play very important roles in the biomolecule adsorption. Surface
modification of membranes is very important for tailoring their performance properties,
and ATRP has the potential to optimize the pore diameter, pore size distribution and
capacity of the membranes to improve their overall performance. Keeping these ideas in
view, I have used the knowledge of the fundamental studies in Chapters 2 and 3 for the
development of membrane materials for bioseparation applications.

4.1 Introduction

Membrane chromatography is a unit operation that is suited well for bioseparation
applications involving large proteins and macromolecules such as plasmid DNA
[Charcosset, 1998; Endres, 2003; Giovannini, 1998; Roper and Lightfoot, 1995;
Thömmes and Kula, 1995]. The advantages of membrane chromatography over
traditional packed-bed chromatography include improved mass-transfer efficiency, lower
pressure drop, more efficient ligand utilization, easier scalabilty, and lower cost [Brandt
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1988]. Because solute is transported to the membrane binding sites primarily by
convection, rather than diffusion, processing rates can be orders of magnitude higher for
membrane chromatography systems [Klein, 1991; Urnanska, 1990]. In addition,
membrane chromatography modules have higher dynamic binding capacities than
traditional packed-bed systems for large biomolecules (e.g., plasmid DNA) that have
mega-Dalton molecular weight values. For example, Endres et al. [2003] found that
dynamic binding capacity and flow rate for pDNA on Mustang Q ion-exchange
membranes were 20-25 times greater and 55-550 times greater, respectively, than values
observed for ion-exchange beads. Teeters et al. [2003] also reported a maximum binding
capacity for pDNA on Mustang Q ion-exchange membranes that was an order of
magnitude higher than conventional porous beads.
In order to exploit the advantages of membrane chromatography for large
molecule separations, it is important to tune the physical and chemical properties of the
membrane surface, since these play important roles in determining its separation
characteristics, including efficiency and productivity. For example, commercially
available microporous membranes contain a relatively broad distribution of pore sizes.
The broad pore-size distribution leads to inefficient utilization of the membrane because
pores of different sizes have different solute residence times and capacities; these factors,
in turn, result in a broad distribution of breakthrough curves for individual pores [Liu and
Fried, 1994]. For membranes as a whole, composite breakthrough curves broaden as
pore-size distributions broaden. Also important is the size of the pores in relation to the
solute size. Clearly, if the pore diameters are smaller than the solute, then the solute will
be filtered at the membrane surface and will not pass through the chromatography
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module. However, if the pore diameters are much larger than the solute, then solute must
diffuse radially from the interior of the pore to the pore surface where it adsorbs. If the
characteristic time for diffusion is larger than the characteristic time for adsorption, then
dynamic capacities will depend on volumetric flow rates, and longer residence times will
be needed to maximize ligand binding efficiency. Liu and Fried [1994] defined a radial
Peclet number and found that Per < 0.04 was needed to avoid broadening of solute
breakthrough. But to achieve that condition, increasing residence time may result in
broadening of solute breakthrough curves as axial diffusion becomes important [Kochan,
1996].
The previous examples illustrate how membrane physical properties influence
separation. Membrane surface chemistry also impacts separation performance. For
example, binding amino acids, proteins, dyes, ion-exchange groups, and metal affinity
ligands covalently to the surfaces of polymeric membranes transforms them into pseudobiospecific affinity membranes for the purification of proteins. In fact, membrane surface
modification is thought to be equally important to the membrane industry as membrane
material and process development. Therefore, there is significant interest in developing
surface treatment methods to modify base membrane properties post synthesis. Graft
modification strategies have been used to tailor membranes for bioseparation
applications, and excellent, comprehensive reviews are available for affinity
membrane [Klein, 2000] adsorptive membrane [Charcosset, 1994] and ion-exchange
membrane [Nasef, 2004] applications in biotechnology.
The (photo)chemical means used to incorporate affinity or ion-exchange groups
into a porous membrane depends on the chemistry of the membrane surface. For
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relatively chemically inert membranes, e.g. polyethylene (PE), the surface must first be
treated to produce reactive sites for further surface modification. A common approach
uses e-beam or γ-ray irradiation to graft reactive poly(glycidyl methacrylate) (PGMA) to
the membrane surface [Iwata, 1991; Kim et al., 1991, 1991, 1996; Kobayashi, 1993]. The
epoxy groups of the grafted PGMA serve as reaction sites to incorporate affinity ligands,
amino acid groups [Kim et al., 1991, 1991, 1996], metal-chelating agents [Kim et al.,
1996] for binding histidine-containing peptides and proteins [Iwata et al., 1991], and ionexchange groups [Kim et al., 1996; Kobayashi, 1993; Nasef and Hegazy, 2004].
Ultraviolet grafting of polyacrylic acid (PAA) has also been used for attaching amino
acids on PE membranes [Kiyohara et al., 1997]
Cellulose-based and specialty co-polymer membranes provide the requisite
reaction sites for surface modification without pretreatment. For example, Guo and
Ruckenstein [2000, 2001] have described affinity modification of cellulose membranes.
Cattoli and Sarti [2002] modified a microporous cellulose membrane with amylose, and
used these affinity membranes in a chromatography module to purify proteins containing
the maltose binding protein domain from crude cell lysate. Luo et al. [2002] reacted Lhistidine onto a poly(glycidyl-co-ethylene dimethacrylate) polymer film and used it to
purify IgG from human serum.
Finally, for membranes made of polymers such as PC, PET, polysulfone (PS),
polyamides, etc., the functional end groups of the polymer chains provide reaction sites
for surface modification. While Klein [2000] has shown that the end group concentration
is high enough to produce membranes with capacities nearing those of synthetic
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chromatography beads, opportunities exist for increasing or amplifying the number of reactive surface sites from the chain ends.
Reaction site amplification typically involves grafting functionalized polymers
“to” or “from” the chain ends. Here, I make the distinction between grafting pre-made
polymers “to” a surface and grafting tethered polymer chains “from” a surface by
monomer addition. Zhao and Brittain [2000] have reviewed these two approaches, and I
have described them in Chapter 1. Briefly, the latter “grafting from” approach used in our
research has been shown to create a more uniform surface and a significantly higher
segment density, and, therefore, more functional sites. The functional groups on the graft
polymers serve as additional reactive sites to attach ligand groups. Since capacity and
pore morphology are important properties in membrane processing, the “grafting from”
approach should be advantageous for membrane modification.
By a “grafting to” method, Klein and Eichholz [1994] modified microporous PS
hollow fibers by anchoring hydroxyethyl cellulose (HEC) polymers covalently to
terminal phenol groups. Further functionalization of the HEC chains with recombinant
protein A resulted in affinity membranes for IgG. Beeskow et al. [1995] used HEC to
modify microporous polyamide membranes. Immobilizing HEC to the polyamide
membranes reduced non-specific protein binding, while simultaneously increasing
binding sites for affinity ligands. Finally, UV photografting has been used extensively by
Georges Belfort’s group [Pieracci et al., 1999; Taniguchi and Belfort, 2004] and Mathias
Ulbricht’s group [Susanto et al., 2007] to modify poly(ether sulfone) membranes and by
Yang and Yang [2003] to modify PET Nucleopore membranes. This approach modifies
the exposed membrane surfaces, as opposed to modifying the membrane bulk.
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This contribution describes the use of ATRP and reactive primary polymer
(mono)layers

to

functionalize

commercially

available

poly(vinylidenefluoride)

microporous membranes with weak ion-exchange groups. ATRP was used to grow
poly(2-vinylpyridine) from a primary anchoring polymer monolayer containing epoxide
functional groups that had been anchored to the membrane pore surfaces. As a
controllable chain growth technique, ATRP allows design and manipulation of the chain
MW [Matyjaszewski, 2001], which, in turn, should allow controlled manipulation of
membrane pore size. Furthermore, our group has shown that ATRP produces more
uniform surfaces than conventional radical polymerization [Li et al., 2004; Samadi et al.,
2006; Singh et al., 2007]. ATRP reaction conditions are flexible; therefore, I used
solvents that maintained membrane integrity. These features are important for membrane
modifications for bioseparations since membrane materials impose limitations on solvent
selection for modification reactions, and since control of graft polymer molecular weight
is important to avoid pore filling.
A goal of this work was to examine whether ATRP could be used to
simultaneously change the surface functionality, pore-size, and pore-size distribution in
rational ways. Polymerization time was used as the independent variable to manipulate
the amount of grafted poly(2-vinylpyridine) on membrane surface. Results are presented
that show that a membrane with an initially broad pore-size distribution had a narrower
pore-size distribution following polymerization. This result is an important advantage to
avoid inefficient membrane utilization caused by premature solute breakthrough.
Additional results are presented that demonstrate how changing polymerization time
allows one to tune the ion-exchange capacity and the average pore size of membranes.
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4.2 Experimental Materials and Methods
4.2.1 Materials

Hydrophilic polyvinylidenedifluoride (PVDF) membranes (Millipore Durapore®,
0.45 μm, 25 mm diameter, 125 μm thickness) were purchased from Millipore, Inc. All
chemicals were purchased from Aldrich and used as received, with the exception of 2vinylpyridine, which was purified with vacuum distillation at 25 mmHg before use to
remove the inhibitor (p-t-butyl catechol). Reported percentages are in wt. %. The
chemicals were glycidyl methacrylate (95%), azobisisobutyronitrile (98%), bromoacetic
acid (99%), 2-vinylpyridine (97%), copper (Ι) bromide (99.999%), 1,4,8,11tetraazacyclotetradecane (Me4Cyclam, 98%), hydrochloric acid (37%, aqueous). Solvents
were purchased from Aldrich as ACS reagent grade; they were ethyl alcohol (99.5%),
methanol (99%), anhydrous toluene (99.8%), acetonitrile (99.9+%) and methyl ethyl
ketone (MEK, 99.6%).

4.2.2 Preparing membranes for initiator functionalization

According to the Millipore patent [Grandine, 2000], the hydrophilic PVDF
membrane is modified with a poly(oxyethylene-co-oxypropylene) surfactant deposited
from methanol solution. All membranes were washed in warm methanol to try to remove
this surfactant. A Harrick plasma cleaner/sterilizer (model PRC-32G) was used to
generate plasma at a middle RF level, and the membrane was treated on one side for 3
min, flipped, and plasma treated on the second side for an additional 3 min. Pressure
during plasma treatments was 0.1 torr. The plasma-treated membrane was rinsed three
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times for 10 min each in MEK and dried with a nitrogen stream before grafting the
anchoring epoxide layer.

4.2.3 Grafting the primary epoxide layer

Poly(glycidyl methacrylate) (PGMA) was used to form a reactive primary
polymer layer [Iyer et al., 2003; Klep et al., 2004, Liu et al., 2004; Zdyrko et al., 2003].
Epoxy groups on the PGMA react with different functional groups (hydroxyl, amino,
carboxyl, etc.) present, or that can be created on the surfaces of various membranes. Thus,
the epoxy functionalities were used to anchor PGMA covalently to the plasma-treated
membrane surface.
Glycidyl methacrylate was polymerized radically to give PGMA with Mn =
84,000 and PDI = 3.4 (GPC). Briefly, the polymerization was carried out in MEK at 60
°C. Azobisisobutyronitrile was used as an initiator. The polymer obtained was purified by
multiple precipitations from the MEK solution by diethyl ether. Plasma-treated
membranes were placed in a round bottom flask with 10 mL of 0.2 wt% PGMA solution
in MEK. The flask was vacuum evacuated until the solution started to boil, and air was
introduced back to the flask. The above treatment was repeated three times to ensure
penetration of the PGMA solution into the membrane pores. The soaked membrane was
dried with nitrogen and aged under a nitrogen atmosphere at 40 °C for 2 h. Subsequent
rinsing (three times at 10 min) with pure MEK removed non-bonded PGMA from the
membrane. To functionalize the membrane with ATRP initiator groups, the PGMA
modified membrane was placed into a test tube with a 10-20 mg of bromoacetic acid
crystal(s). The test tube was evacuated by vacuum and placed in an oven at 90 °C for 1 h.
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Reaction of vapor-phase bromoacetic acid with the remaining epoxide groups of PGMA
produced tethered bromoacetate groups capable to initiate ATRP [Liu et al., 2004;
Zdyrko et al., 2003]. After treatment, the membrane was rinsed three times in MEK for
10 min each and dried with nitrogen.

4.2.4 Surface Graft Polymerization of Poly(2-vinylpyridine)

Polymerization was carried out in acetonitrile as the solvent and using 2vinylpyridine as the monomer. This step used an organometallic catalyst comprising
Cu(Ι)Br and ligand 1,4,8,11-tetraazacyclotetradecane (Me4Cyclam) with a molar ratio of
1:2. The concentration of 2-vinylpyridine was 2 M, and the catalyst concentration was 2
mM based on Cu(Ι). Both solvent and monomer were degassed using three freeze-pumpthaw cycles, as described previously. The solution flask was isolated under nitrogen and
transferred to an O2-free glove box. All polymerization steps were carried out at room
temperature in the glove box to avoid catalyst oxidation. To begin polymerization,
initiator-functionalized membranes were placed in 10 mL of the monomer/catalyst
solution. After polymerization for up to 24 h, the membranes were removed from the
polymerization system, washed in acetonitrile using an ultrasonic bath for 10 s, rinsed
with acetonitrile, ethanol and deionized water, and dried.
Polymerization reaction time was the independent variable in this study.
Dependent variables were membrane ion-exchange capacity, surface and bulk average
pore sizes, and pore-size distribution. Titration was used to measure ion-exchange
capacity of the membranes, while FE SEM (with Image Pro Analysis) and nitrogen
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adsorption experiments were used to characterize the average pore sizes and pore-size
distribution of each membrane.
Membrane surfaces were characterized by ATR-FTIR to elucidate the chemical
properties of our modified membranes and scanning probe microscopy was used to
follow morphological changes to the membrane surfaces. These measurements allowed
us to examine the uniformity of the modified surfaces.

4.2.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR)

ATR-FTIR spectra were obtained for an unmodified control membrane; initiatorfunctionalized, PGMA-coated membrane; poly(2-vinylpyridine) grafted membranes
using the instrument and procedure outlined in Chapters 2 and 3.

4.2.6 Field Emission Scanning Electron Microscope (FE SEM)

The morphologies of the membrane surfaces before and after modification were
studied by field emission scanning electron microscopy (FE SEM) using a Hitachi FE
SEM 4700. Representative samples of the membranes were cut into 0.5 cm2, attached
with carbon tape to aluminum stabs, and shadowed with platinum prior to the SEM
measurements. The SEM measurements were performed at an accelerating voltage of 5
kV to evaluate the extent of the surface porosity and microstructure.
SEM images were taken of the porous surfaces and analyzed with the digital
imaging technique (Image-Pro PLUS Analysis software) to estimate the surface pore
sizes and to generate pore-size distributions for samples prepared at different
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polymerization times. For each sample, data were used to calculate the average surface
pore diameter and pore diameter polydispersity.

4.2.7 Atomic Force Microscopy (AFM)

Topographical and phase images and roughness values of the poly(2vinylpyridine) functionalized membrane surfaces were obtained using a BioScope AFM
(Veeco) with Nanoscope IIIa controller. Tapping and phase-imaging modes were used to
characterize the membrane surfaces in air. The root-mean-square (RMS) roughness
values were evaluated from images collected in the tapping mode. The height
(topography) and phase images were both captured using a frequency of 1.0 Hz and 256
scan lines per image. Surface roughness was determined using the NanoScope Software
Version 5.12 RMS roughness calculation.

4.2.8 Nitrogen Adsorption

The bulk membrane pore sizes, pore volumes and pore areas were determined by
static volumetric measurements of nitrogen adsorption. A Micrometrics 2020 instrument
was used to measure nitrogen adsorption isotherms at –196 °C between pressures of 5 ×
10-7 and 1 atm. All samples were outgassed at 125 °C for 6 h prior to each adsorption
experiment to remove contaminants adsorbed by exposure to the atmosphere. The same
instrument was used to measure adsorption and desorption isotherms on selected samples.
Evaluation of the adsorption and desorption branches of these isotherms and the
hysteresis between them reveals information about the membrane pore characteristics.
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4.2.9 Ion-exchange Capacity Measurements

Ion-exchange capacity measurements were done potentiometrically using a
Mettler Toledo (DG-Ι Ι Ι-SG) titrator. Titration was done using standardized 0.01 M HCl
solution to estimate of the number of pyridine groups per unit mass attached to the
membrane surfaces. Standardization of the HCl solution was done by titration against 1
M NaOH that had been standardized by titration with potassium hydrogen phthalate
solution, as outlined by Hoover et al. [1985]. A titration curve was prepared by adding
incremental doses of HCl solution to the beaker containing membrane cut into
approximately 1 cm × 0.5 cm pieces. Stirring was done continuously. After each dose of
acid, the system was allowed to equilibrate, and the pH was measured with a 3 M KCl (014) pH electrode. Ion-exchange capacities of the membranes were calculated in
milliequivalents per gram of dry membrane.

4.3 Results and Discussion
4.3.1 Characterization of Chemical and Physical Surface Properties

Characterization of the chemical and physical properties of the membranes
surfaces was done by ATR-FTIR, AFM, FE SEM, nitrogen adsorption measurements,
and image analysis.
Figure 4.1 presents typical ATR-FTIR spectra for an unmodified control

membrane (spectrum 4.1a), an initiator-functionalized membrane (spectrum 4.1b), and
a poly(2-vinylpyridine) functionalized membrane (spectrum 4.1c) following 24 hours of
polymerization.
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Figure 4.1. ATR-FTIR spectra for (a) unmodified control membrane; (b) initiatorfunctionalized, PGMA-coated membrane; and (c) poly(2-vinylpyridine) grafted
membrane after 24 hours of polymerization.

According to the manufacturer, the peak at 1732 cm-1 in the unmodified membrane is
associated with the carbonyl stretch of polyacrylate groups that are introduced to the
PVDF membranes to make them hydrophilic. Unfortunately, this peak interferes with and
overwhelms the peak signal for the carbonyl stretch of the initiator. Nevertheless, the
appearance of C=N stretching modes in the pyridine ring at 1593 cm-1 and 1569 cm-1 and
a C=C stretching mode in the pyridine ring at 1475 cm-1 (spectrum 4.1c) support the
successful grafting of poly(2-vinylpyridine) to the membrane surface.
Atomic force microscopy (AFM) was performed to examine the surface
morphology and to measure roughness values for unmodified and poly(2-vinylpyridine)
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modified membrane surfaces. Figure 4.2 shows typical phase and topographic scans of
the unmodified and polymer modified membrane surfaces. Each scan represents a 50 µm
× 50 µm lateral area. Figure 4.2 reveals that the polymer-modified surface was smooth
and uniform compared to the control membrane surface. The modified membrane surface
had a root-mean-square roughness, RMS = 352 nm; the control surface had a root-meansquare roughness, RMS = 1.186 μm. This result is consistent with other published works
that report that surface-confined polymerization can significantly change surface
morphology [Yoshida and Cohen, 2003] and smooth rough surfaces [Freger, 2002;
Tanaguchi et al., 2001; Yoshida and Cohen, 2003]. Freger et al. [2002], for example,
reported decreased surface roughness values from 93 nm to 30 nm for Dow Filmtec
reverse osmosis membranes following graft polymerization of polyethylene glycol
methacrylate and sulfopropyl methacrylate. Tanaguchi et al. [2001] reported decreased
vertical roughness values on 12 of 17 samples following UV graft polymerization of Nvinyl-2-pyrrolidinone on poly(ether sulfone) membranes.
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Figure 4.2. AFM phase and topographical images (50 µm × 50 µm lateral area) showing
the morphology of the surfaces. The z-axis scale is 4500 nm. RMS roughness values are
1.186 μm and 352 nm for the unmodified and modified membranes, respectively.
4.3.2 Determination of Specific Surface Areas and Pore Characteristics from
Nitrogen Adsorption Isotherms

The method of Brunauer-Emmett-Teller (BET) was employed to determine
surface area based on a model of adsorption that incorporates multilayer coverage. The
Barrett-Joyner-Halenda (BJH) method was applied to the isotherms to measure the pore
sizes and pore-size distribution using the Kelvin model of pore filling. Nitrogen was
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admitted into the membrane chamber in controlled increments. After each dose of
adsorptive, the pressure was allowed to equilibrate and the volume of nitrogen adsorbed
was calculated. A plot of the gas volume adsorbed versus pressure (at constant
temperature) defines an adsorption isotherm, from which the volume of gas required to
form a monolayer over the external surface and its pores was determined. Knowing the
value for the area covered by each adsorbed molecule to be 16.2 Å2 [Sing et al., 1985],
the surface area was calculated for each sample.
Table 4.1 summarizes the BET surface area data. These data confirm that these

porous membranes have relatively low specific areas that increase slightly from 2.21
m2/g to 2.71 m2/g with increasing polymerization time. Surface area changes depend on
two competing factors: loss of accessible surface area due to blocking of small pores and
creation of surface area by growth of polymer chains that extend from the pore surfaces.
The latter factor assumes that nitrogen molecules are able to penetrate in between chains
and, in this case, appears to compensate for area loss due to pore blockage.

Table 4.1. BET surface areas and BJH desorption average pore width of the PVDF
membranes for untreated and treated membranes prepared using different polymerization
times.
Polymerization
time (h)

BET surface
area (m2/g)

BJH desorption average
pore width (Å)

0
1

2.21
2.49

84.6
98.4

2

2.59

106.0

8

2.71

111.8

By extending this process to pressure conditions that condense the gas into the
pores, pore sizes and the pore-size distribution can be evaluated. After reaching high
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enough pressures to ensure gas condensation, the adsorptive gas pressure is reduced
incrementally, thereby evaporating the condensed gas from the system. Table 4.1 shows
average bulk pore diameter values calculated using the BJH method; average diameters
increased from 84.6 Å to 111.8 Å with increasing polymerization time. This result was
unexpected. One contributing factor to this increase in average pore size may be the
blockage of the smallest pores as a result of polymer growth. Additionally, under the
conditions used for the adsorption experiments, only pore sizes in the mesopore range of
2 to 50 nm could be measured. I speculate, then, that two additional processes may have
contributed to the increase in average BJH pore diameter: the transformation of a large
number of pores from the low end of the mesopore range into the micropore region, and
transformation of macropores into large mesopores as a result of polymer growth within
the pores.
All adsorption-desorption isotherms displayed Type H4 hysteresis loops, which
are characteristic of narrow slit-like mesopores [Sing et al., 1985], and the degree of
hysteresis increased as the polymerization time increased. One possible explanation of
this result is that polymer growth may have partially occluded spherical pores. The
resulting pore would have a restricted diameter at its entrance, and this ink-bottle type of
morphology would lead to an increase in degree of hysteresis [Ravikovitch, 2002].

4.3.3 Surface Morphologies of the Modified PVDF Membranes
Figures 4.3a-4.3c show surface SEM images at a magnification of 1000X for the

unmodified PVDF membrane; initiator-functionalized, plasma-treated membrane; and the
poly(2-vinylpyridine) functionalized membrane following 24 h polymerization. Figures
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4.3d-4.3f show the corresponding SEM images at a magnification of 2000X. The PVDF

membrane exhibits a rich fibrous structure before the modification that appears to densify
after polymerization. Figures 4.3c and 4.3f show that the membrane fibers have grown
thicker and the pore sizes have become more uniform for the poly(2-vinylpyridine)
functionalized membranes. Both the unmodified and modified membranes show a
homogenous morphology in their cross-sections as well on the surfaces. The crosssectional views of the modified membranes in Figure 4.4 show that the polymer was
grafted on the membrane outer surface and also from the pore surfaces within the bulk of
the membranes.

4.3.4 Determination of Pore-Size Distribution by Image Analysis of SEM images

Image- Pro PLUS software was used to determine the membrane surface poresize distributions and pore diameter polydispersity values following polymerization for
various times. By changing polymerization time, the average surface pore diameter
decreased from 1.11 μm to 0.98 μm, corresponding to a polymer thickness of about 600
Å. Using similar conditions to grow poly(2-vinylpyridine) from self-assembled
monolayer (SAM) surfaces, Li et al. [2004] measured ellipsometric thicknesses of 105 ±
15 Å. To understand this apparent discrepancy, it is necessary to compare the surface
initiator densities for SAM versus PGMA layers and the impact of initiator densities on
subsequent polymer layer thicknesses. Liu et al. [2004] have shown that for a 6 nm thick
surface layer of PGMA, the surface density of initiator (~40/nm2) is an order of
magnitude higher than that for a SAM layer on gold (~3/nm2). In that same paper, it was
demonstrated that increasing the surface density of initiator from ~3/nm2 to ~40/nm2 led
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to a 6-fold increase in polystyrene layer thickness for the same polymerization time.
Therefore, with a similar enhancement in layer thickness, one would anticipate a poly(2vinylpyridine) layer thickness of ~ 630 ± 90 Å, which is consistent with the average pore
diameter decrease of 1200 Å.
Equally important, the pore-size distribution became narrower following polymerization. Figure 4.5 shows the narrowing down of the pore-size distribution as more
polymer is grafted on the membrane surfaces.
By defining a pore diameter polydispersity (PDP) as the weight-average diameter
divided by the number-average diameter, the change in pore-size distribution was
quantified. (A PDP value of 1.0 means that all pores are equal in size.) Initially, for
unmodified membranes, PDP was 2.05; following polymerization for 24 hours, it was
reduced to 1.44. Table 2 shows the time-dependent trend in the PDP clearly showing that
the pore diameters have become more uniform for the modified membranes.
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Figure 4.3. (Images a-c): Surface SEM images of the unmodified PVDF membrane (a);
initiator-functionalized, plasma-treated membrane (b); and the poly(2-vinylpyridine) (c)
functionalized membrane at a magnification of 1000X. (Images d-f): Corresponding
images at a magnification of 2000X.
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Figure 4.4. (Images a-b): Cross-sectional SEM micrographs of the unmodified PVDF
membrane (a) and the poly(2-vinylpyridine) functionalized membrane (b) at a
magnification of 5000X. (Images c-d): Cross-sectional SEM micrographs of the
unmodified PVDF membrane (c) and the poly(2-vinylpyridine) functionalized membrane
(d) at a magnification of 2000X.
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Figure 4.5. Pore-size distribution of the unmodified PVDF membrane and the poly(2vinylpyridine) functionalized membrane at different polymerization times. The figure on
the right expands the frequency axis to illustrate the depletion of large pore structures.
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Table 4.2. Number average pore diameter and PDP for membranes prepared using
different polymerization times.
Polymerization
time (hrs)

Number average pore
diameter (dn), (μm)

PDP (dw/dn)

0

1.11

2.05

2

1.08

1.98

4

1.05

1.75

24

0.98

1.44

A control experiment was conducted that subjected an unmodified membrane to
all steps of the process except the initiator functionalization. The purpose of this control
experiment was to determine if the pore size properties of the membrane changed as a
result of chemical exposure in the absence of poly(2-vinylpyridine) growth. SEM image
analysis showed the average surface pore diameter to be 1.09 μm and the PDP to be 1.95.
Therefore, chemical exposure and PGMA grafting alone cannot account for the observed
decreases in average pore diameter and PDP.

4.3.5 Ion-Exchange Capacity Measurements

Ion-exchange capacities for the modified membranes were measured by
generating titration curves of pyridine groups on the membrane surfaces against 0.01M
HCl. Table 3 shows the increase in the static ion-exchange capacity of the membranes
from 2.25 × 10-2 meq/g to 7.32 × 10-2 meq/g with an increase in the polymerization time
from 1 hour to 8 hours. For ion exchange of small molecules, these values are low
compared to commercially available ion-exchange membranes, which typically have
capacities of 1-3 meq/g [Pandey et al., 2003].
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Table 4.3. Ion-exchange capacities (meq/g) for membranes prepared using different
polymerization times.
Polymerization
time (hrs)

Ion-exchange
capacity (meq/g)

1

2.25 × 10-2

2

3.12 × 10-2

4

5.36 × 10-2

8

7.32× 10-2

ATRP is often described as a controlled radical polymerization because
irreversible termination reactions that consume radicals are suppressed by maintaining a
low radical concentration (i.e., radical deactivation is much faster than activation)
[Matyjaszewski et al, 2001]. For surface initiated ATRP with a high excess of monomer,
a constant radical concentration should yield a linear relationship between mass of
polymer grown from the surface and polymerization time [Gopireddy and Husson, 2002;
Matyjaszewski et al, 1999]. And, if all of the pyridine units are accessible for ion
exchange, then there would also be a linear relationship between ion-exchange capacity
and polymerization time. The data, however, show a non-linear trend between the
capacity and polymerization time. Since no precautions were taken to ensure controlled
growth, this leveling off of capacity is likely due in part to termination or chain transfer
side reactions, loss of active catalyst, or hindered mass transport of monomer to active
radicals. Better control over surface-initiated polymerization can be achieved by the
addition of Cu(ΙΙ) to the monomer solution [Matyjaszewski et al, 1999] and the use of a
mixed halide initiator/catalyst system [Matyjaszewski, 1998]. The rate of polymerization
can be accelerated by increasing temperature and by using aqueous solvent conditions
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[Huang et al., 2002]. Furthermore, aqueous ATRP has led to thick polymer film layers
[Huang et al., 2002].
To test the functional effects of our membrane surface modification, I carried out
an initial comparative study on protein adsorption. Breakthrough curves for lysozyme
(feed concentration 0.02 g/L, pH 7.4) on modified PVDF membranes had a capacity at
breakthrough that was 2.1 times higher than the unmodified membranes. In Chapter 5, I
delve deeper into preparing high-capacity membrane adsorbers and describe a
comprehensive set of protein binding experiments.

4.4 Conclusions

The physical and chemical properties of commercial microporous membranes
were varied by surface modification using atom transfer radical polymerization. Using
this technique, membrane pore size, pore size polydispersity, and ion-exchange capacity
could be adjusted using polymerization time as the independent variable. Ion-exchange
capacities were low under the conditions used. However, using methods of control, as
well as accelerating growth rate by changes in temperature and solvent conditions is
expected to improve the degree of grafting.
By allowing the preparation of a membrane with optimized pore diameter and
narrow pore size polydispersity, this approach has the potential to improve membrane
efficiency by making solute retention time more uniform and sharpening solute
breakthrough. Furthermore, ATRP offers flexibility to work with various chemical
functionalities; as such, this technique can be used to create myriad functionalized
membranes starting from a generic membrane foundation.
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CHAPTER FIVE
ATOM TRANSFER RADICAL POLYMERIZATION: A NEW METHOD FOR
PREPARATION OF MEMBRANE ADSORBERS
[As submitted to J.Membr. Sci. 2007 with modifications and additions.]

5.1 Introduction

In industry, chromatography is used widely to separate and purify biomolecules.
Commonly, chromatography uses packed-bed columns, which experience high pressure
drop across the bed and slow intra-particle diffusion [Ghosh, 2002; Yang et al., 2002;
Zeng and Ruckenstein, 1999]. A more recent platform uses porous membranes as solid
supports in the adsorption process [Gebauer, 1997; Ghosh, 2002; Roper and Lightfoot,
1995; Yang et al., 2002; Zeng and Ruckenstein, 1999; Zou et al., 2000] to overcome the
diffusion limitations associated with packed beds.
In membrane chromatography, the packing consists of microporous or
macroporous membranes that contain functional groups that bind the target biomolecule,
oftentimes a protein. The protein is transported through pores of the membrane largely by
convection, which tremendously reduces mass-transfer limitations [Klein, 1991]. Since
the membranes are thin, pressure drop across the column is low relative to packed beds.
In addition, pore diameters in the traditional, high surface area packed-bed resins are too
small for large size proteins to enter; large size proteins may be excluded from the pores
and limit to binding on the external surface of the resin beads. Since the average pore size
of adsorptive membranes is large compared with that of resin beads, large size proteins
can access binding sites on the pore surfaces, and, hence, the binding capacities of
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adsorptive membranes for large biomolecules can be much higher than that of traditional
beads. For example, Yang et al. [2002] found that the static binding capacity equaled the
dynamic binding capacity and increased with increasing protein size for the capture of a
small protein (R-lactalbumin, 3.5-nm diameter, 3.0 ± 0.8 mg/ml) and a large protein
(thyroglobulin, 20-nm diameter, 10 ± 2 mg/ml) on trimethylammonium chloride anionexchange membranes (Q membranes) that were prepared by reaction of 2-aminoethyl
trimethylammonium chloride with flat-sheet poly(vinylidene difluoride) (PVDF)
membranes activated with an acylimidazole leaving group. In contrast, for anionexchange beads (Q Sepharose Fast Flow, Amersham Pharmacia Biotech, Piscataway,
NJ), the static capacity was the same for both proteins, and the dynamic capacity
decreased markedly with increasing protein size. Teeters et al. [2003] also reported the
utility of Mustang Q ion-exchange membranes in purification of very large biomolecules
such as plasmid DNA. They have found that the maximum binding capacity (static) for
the membrane unit was 10 mg plasmid/ ml, an order of magnitude greater than typical
values reported for porous beads.
The advantages of membrane chromatography have hastened its development;
however, there are certain limitations that need to be overcome. Membrane efficiency
(i.e., full utilization of membrane surface area) can be low because it is difficult to
achieve uniform flow through short membrane beds. Even with proper flow distribution,
commercially available membranes suffer from large pore-size distributions that produce
a broad distribution of breakthrough curves for individual pores, as discussed previously
[2005]. The effects of the pore-size distribution in each membrane can be averaged out
by stacking a large number of membranes. Nevertheless, using membranes with
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optimized pore structures will lead to chromatography systems with higher efficiencies
and thus dynamic capacities that are likely to have greater commercial value.
A wide range of porous membrane substrates such as cellulose [Cattoli and Sarti,
2002; Guo and Ruckenstein, 2001], polyethylene [Kim, 1991; Kuboto, 1997], PVDF
[Singh et al., 2005], polyethersulfone [Charcosset et al., 1995], nylon [Castilho et al.,
2000], polypropylene [Kobayashi, 1993], et cetera, have been modified by a wide range
of strategies to produce membranes for bioseparation applications. The result is that a
wide variety of membranes (adsorptive, affinity, ion-exchange) are now available
commercially [Charcosset, 1998; Klein, 2000; Nasef, 2004; Zeng and Ruckenstein,
1999]. Among the modification strategies, graft polymerization offers a way to tune the
physical and chemical properties of a base membrane.
Among the graft polymerization techniques, radiation grafting [Kobayashi et al.,
2003; Kumar et al., 2006] and photografting [Kacar and Arica, 2001; Ulbricht and Yang,
2005] have been used frequently to produce ion-exchange membranes. Radiation
grafting, which uses e-beam or γ-ray irradiation, has been used for surface modification
to prepare ion-exchange membranes [Kobayashi et al., 1993; Kumar et al., 2006]. Kumar
et al. [2006] reported the use of mutual radiation-induced grafting technique with a Co-60
gamma-radiation source to graft vinylbenzyltrimethylammonium chloride onto cotton
cellulose and found that the equilibrium binding capacity and elution percentage of
bovine serum albumin (BSA) on the grafted anion-exchange matrix were 40 mg/g and
94%, respectively, from analysis of the breakthrough curve. Photopolymerization is
another graft polymerization method to produce ion-exchange membrane. Ulbricht and
Yang [2005] achieved a lysozyme-binding capacity of 20 mg/ml by grafting poly(acrylic
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acid) to polypropylene membranes. Modification was done by photoinitiated, surfaceselective graft copolymerization.
This contribution describes the use of atom transfer radical polymerization
(ATRP) to functionalize commercially available regenerated cellulose membranes with
weak cation-exchange groups. Relative to other graft modifications strategies, ATRP has
been used infrequently, but it offers the advantages of controlled polymer chain length
and grafting density. The use of surface-initiated ATRP allows relatively fine control
over design and manipulation of the chain MW [Matyjaszewski, 2001]; polymerization
time can be used to increase ion-exchange capacity without clogging of membrane pores
and without concern for concurrent solution-phase polymerization. Moreover, ATRP
reaction conditions are flexible; polymerization can be done in environmentally friendly
solvents such as water; and, as a catalyst-activated process, ATRP can be done in-situ for
membrane modules. In Chapter 5, I discussed my use of ATRP to modify PVDF
membranes with weak-base ion-exchange groups. I found that pore size polydispersity
decreased and ion-exchange capacity increased with increasing polymerization time. Sun
et al. [2006] used ATRP for the controlled growth of poly(2-hydroxyethyl methacrylate)
polymer brushes in porous alumina supports to develop high-capacity, protein-binding
membranes. The PHEMA brushes were activated with nitrilotriacetate-Cu2+ complexes
that coordinate histidine residues in histidine-containing proteins. They reported static
binding capacities of 150 mg BSA/ml and saturation of the membranes with BSA or
myoglobin in < 15 min.
A goal of this work was to examine whether ATRP could be used to make
polymeric adsorptive (ion-exchange) membranes with among the highest static and
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dynamic protein binding capacities, and to do this in a way that allows us to control the
impact on membrane permeability. Polymerization time was used as the independent
variable to manipulate the amount of grafted poly(acrylic acid) on the membrane surface
and thereby to tune the capacity and the average pore size of the membranes. Confocal
laser scanning microscopy (CLSM) was used to visualize membrane pore structure of the
unmodified and modified membranes to ensure that modification by ATRP did not
impact the membrane pore structure detrimentally and also to visualize binding patterns
of fluorescently labeled lysozyme on modified and unmodified membranes.

5.2 Materials and Methods
5.2.1 Materials

Hydrophilic regenerated cellulose (RC) membrane discs (average pore diameter
1.0 µm, 47 mm diameter, 100 µm thickness) were purchased from Whatman, Inc.
All reported percentages in this section are in wt %. Acrylic acid (99%), 2bromoisobutyryl bromide (98%), copper (I) chloride (99.995+ %), sodium hydroxide
pellets (99.998%), triethylamine (≥99.5%) and 1,4,8,11-tetraazacyclotetradecane
(Me4Cyclam, 98%) were purchased from Aldrich. The acrylic acid was purified by
vacuum distillation at 33.33 × 102 Pa before use to remove the inhibitor (p-t-butyl
catechol). Sodium chloride (99.9%) was from VWR International, France. Potassium
phosphate (99.8%) and sodium carbonate (99%) were from Fluka. Lysozyme (from hen
egg white, crystalline, powder, 85400 units/mg) was from Fluka, Biochemica. GalwickTM
(1,1,2,3,3,3-hexafluoropropene) was from Porous Materials, Inc, Ithaca, NY, USA.
Solvents were purchased from Aldrich as ACS reagent grade; they were ethyl alcohol
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(99.5%), methanol (99%), anhydrous toluene (99.8%), and tetrahydrofuran (THF,
99.9%).
The reactive dyes used in this work were 5-DTAF isoform [5-(4,6dichlorotriazinyl) aminofluorescein] from Invitrogen and Cy5 mono-reactive NHS ester
from GE Healthcare. The 5-DTAF has excitation/emission wavelengths of 492/516 nm;
Cy5 has excitation/emission wavelengths of 633/654 nm.
Buffers were prepared from analytical-grade chemicals and deionized Milli-Q
system (Millipore) water. Buffer A (10 mM potassium phosphate buffer, pH 7.0) and
Buffer B (10 mM potassium phosphate buffer with 1 M sodium chloride, pH 7.0) were
used for the measurements of permeability and binding capacity. Sodium carbonate
buffer (100 mM, pH 9.3) was used for protein labeling. Sodium phosphate buffer
(variable ionic strength, pH 7.0) was used in the separation of labeled protein from native
protein, and also in CLSM experiments.

5.2.2 Preparing Membranes for Initiator Functionalization

Whatman regenerated cellulose membranes were prewetted in methanol for 10-15
minutes and then immersed in 20 ml of water twice for 10 minutes each rinse to remove
methanol. Membrane surface modification was done in two steps. In Step 1, the
membranes were contacted for 2 hr with a solution comprising 2-bromoisobutyryl
bromide (2-BIB, 10 mM) and triethylamine (10 mM) in anhydrous tetrahydrofuran
(solvent). The 2-BIB reacts with the hydroxyl groups of the RC membrane to immobilize
bromoester initiator groups covalently to the membrane surface. After the reaction, the
initiator-functionalized membrane was removed from the reaction mixture and washed
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thoroughly with THF and then HPLC water. It was used in Step 2, surface-initiated
polymerization.

5.2.3 Surface-Initiated Polymerization of Poly(acrylic acid) (PAA)

The polymerization solution comprised the monomer, acrylic acid (AA, 3.45 g,
5.43 wt %); catalyst, CuCl (2.97 mg, 0.005 wt %) / Me4Cyclam (10.24 mg, 0.016 wt %);
and 40 ml of HPLC water as solvent. AA was deprotonated by the addition of NaOH (8.2
g, 12.92 wt %) to reach a pH end point of 10.2, followed by the addition of NaCl (11.78 g,
18.57 wt %), according to the protocol first proposed by Sankhe et al. [2007]. Prior to use,
solvent and monomer were de-oxygenated by three freeze-pump-thaw cycles; the
headspace in the flask was backfilled with nitrogen gas following each vacuum pumping
step. The solution flask was isolated under nitrogen gas from the de-oxygenation line and
transferred to an oxygen-free glove box. All polymerization steps were carried out at
room temperature in the glove box. Polymerization reaction time was the independent
variable in this study. To begin polymerization, initiator-functionalized membranes were
placed in the polymerization solution for up to 6 hr. After polymerization, the membrane
with surface-grafted PAA was removed from the reaction mixture and washed
sequentially with three 200 ml volumes of water under stirring, first for 30 min at room
temperature, second for 60 min at 60 °C, and third for 30 min at room temperature. Then,
the membranes were dried at 45 °C overnight.
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5.2.4 Characterization of Physiochemical and Performance Properties

Membrane surfaces were characterized by attenuated total reflectance Fouriertransform infrared spectroscopy (ATR-FTIR) to follow changes in the chemical
properties of the modified membranes. Confocal laser scanning microscopy (CLSM) was
used to follow morphological changes to the membrane surfaces. Water flux experiments
were done to measure the permeabilities of pure water and water with added salt, and
permporometry experiments were used to characterize the average pore sizes and poresize distributions of each membrane. Static and dynamic protein binding experiments
were done to measure the capacities of the PAA-grafted membranes for lysozyme.

5.2.5 ATR-FTIR Characterization

ATR-FTIR spectra were collected before and after each reaction step. The
instrument was a Thermo-Nicolet Magna 550 FTIR spectrometer with a diamond, single
bounce foundation series ATR accessory and a 50° angle of incidence. Each spectrum
was obtained by cumulating 32 scans at a resolution of 4 cm−1. Data were corrected using
ATR correction and background correction functions of OMNIC ESP software, Version
6.1a.3.

5.2.6 Ellipsometry (for kinetic studies)

In order to guide the design of experimental polymerization conditions, an initial
set of experiments was performed to measure the polymer layer growth kinetics. Using a
methodology previously described for another system [Singh et al., 2007], polymer
nanolayers of PAA were grown from flat gold substrates. Layer thicknesses on the gold
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substrate were measured using a Beaglehole Instruments Picometer™ Ellipsometer,
which uses a photoelastic crystal modulator and a He-Ne laser (λ = 632.8 nm).
Measurements were done at three separate spots on each sample with an assumed
refractive index of 1.5 for the layer. Details of the data collection and analysis are given
elsewhere [Singh and Husson, 2005; Singh et al., 2007].

5.2.7 Membrane Pore-Size Distribution Measurements

Pore-size distributions were determined by the wetting fluid displacement
technique [Mulder,1996] using a non-reactive gas and a capillary flow porometer (CFP34RTG8A-X-6-L4; PMI, Inc., Ithaca, NY, USA). Membrane samples were mounted in
the sample chamber and characterized by the "dry up / wet up" method. In the wet phase,
membrane pores were filled with the wetting liquid, GalwickTM. The differential
pressures and air flow rates were measured accurately for the sample in both the dry and
wet state. The maximum transmembrane pressure was 2 bar for the air flow
measurements. Capwin Control Software, v.6.71 was used to compute the pore-size
distributions.

5.2.8 Permeability Measurements

Liquid flux measurements were made using 47 mm diameter unmodified and
modified membranes to study the effect of modification. Each membrane sample was
loaded into an ultrafiltration cell. The cell was loaded with 300 ml of Buffer A or Buffer
B, assembled, and connected to a nitrogen tank via pressure tubing. Feed gauge pressure
was set at 2 bar. The permeate outlet was opened, permeate was collected in a beaker,
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and permeate mass was measured by a balance. Permeability was calculated using the
data of mass of permeate collected during a measured period of time.

5.2.8 Static Binding Capacity and Binding Isotherm Experiments

Membrane samples (diameter 13 mm) were first equilibrated with Buffer A and
then incubated in 5 ml of protein solution on a shaker for approximately 16 h in Petri
dishes (diameter 60 mm). Initial lysozyme concentrations used to construct binding
isotherms were 0, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 2, 5 mg/ml in Buffer A. After rinsing with
Buffer A, samples were eluted with Buffer B for 1 h. Concentrations of the eluted and
initial protein solutions were measured by UV spectrophotometry at 280 nm using a Cary
50 probe spectrophotometer, and binding isotherms for lysozyme were obtained from
those data. The determination of static binding capacity was performed in the same way
using an initial lysozyme concentration of 2 mg/ml.

5.2.9 Dynamic binding capacity experiments

Dynamic binding experiments at high protein concentration were performed using
an Äkta Purifier (Amersham Pharmacia Biotech, GE) with a UV detector set at 280 nm
and with three membrane discs (diameter 11 mm) stacked in a CIM® module (BIA
Separations, Ljubljana, Slovenia). The feed consisted of 1 ml of lysozyme solution (5
mg/ml in feed Buffer A). The protein that had adsorbed to membranes was eluted by
screening the Coulombic interactions between the protein and polymer chains using
Buffer B. Experiments were performed at room temperature and a flow rate of 1 ml/min.
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5.2.10 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was used to visualize fluorescently
stained membranes, as well as the location of lysozyme binding to the membranes.
CLSM images were acquired using a Zeiss LSM510 CLSM equipped with a CApochromat 63x1.2Wcorr objective lens. The system is provided with laser excitation
sources at 488, 533 and 633 nm for exciting the fluorophores. All images were stored as
8-bit scans with a resolution of 512 × 512 pixels representing an area of 146.2 × 146.2
µm.
Membranes were stained by covalent coupling of the OH-reactive fluorescence
dye 5-DTAF as described by Ulbricht and coworkers [in preparation]. After short
washing in buffer, the labeled membrane was placed into a 96-well micro-plate with a
glass-bottom. During the observation by CLSM, the membranes were not allowed to dry.
For protein binding studies by CSLM, lysozyme was labeled with Cy5 and
purified as described in the papers by Wang et al. [in preparation] and Teske et al. [2005].
Briefly, the excess of unreacted dye in solution was separated from protein using gel
filtration, and the labeled lysozyme was then separated from native protein using cationexchange chromatography. The protein binding was performed statically through batch
incubation. A piece of membrane with a diameter of 5 mm was put into a 96-well plate
on a shaker and incubated with protein in excess (approximately 10 mg/ml in 100 mM
sodium carbonate buffer at pH 9.3) for 15 minutes and 1 hr and then washed in the buffer
for 20 min before the visualization with CLSM.
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5.3 Results and Discussion
5.3.1. Characterization of Physicochemical Properties

Characterization of the chemical and physical properties of the membrane
surfaces was done by ATR-FTIR and porometry. Figure 5.1 presents typical ATR-FTIR
spectra for an unmodified control membrane (spectrum 5.1a), a PAA-functionalized
membrane following 3 h of polymerization (spectrum 5.1b), and the subtraction
spectrum, 1b-1a (spectrum 5.1c). As evident in Fig. 5.1c, peaks appear at 1560 cm−1 and
1416 cm−1 in the polymer-modified membranes that are associated with carboxylate
anion stretching of ionized carboxylic acid groups, as expected since pH > pKa during
synthesis. In addition, there is a small peak around 1710 cm-1 which most likely is
attributed to the carbonyl stretching mode of the initiator. These spectra support the
successful grafting of PAA from the membrane surface.

(c) 2X

absorbance

2 × 10-2

(b) 1X
(a) 1X
3500 3000 2500 2000 1500 1000

wavenumber, cm-1

Figure 5.1. ATR-FTIR spectra for an unmodified control membrane (spectrum a), PAAfunctionalized membrane (spectrum b) and subtraction spectrum, 1b-1a (spectrum c)
following 3 h of polymerization. X represents magnification.
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In parallel with the membrane graft polymerization work, a kinetic study was
done using a model substrate in order to estimate the polymer layer thickness that
develops during surface modification of the RC membrane. This study is analogous to
similar studies that our group has performed for a number of other polymer systems [e.g.,
Gopireddy and Husson, 2002; Samadi et al., 2006; Singh et al., 2007]. Figure 5.2 shows
that the polymer layer thickness increases with polymerization time for modification
times up to 90 min, and it reaches a plateau thickness for longer polymerization times.
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Figure 5.2. PAA layer thickness evolution by surface-initiated ATRP from gold.
Polymerization was done at room temperature using 0.75 M AA in water that had been
adjusted to pH = 10.2. Catalyst comprised Cu(I)Cl and ligand Me4Cyclam at 0.5 mM and
0.63 mM, respectively. Error bars represent the standard deviation of three thickness
measurements for each polymerization time.

This non-linear growth behavior has been described for other polyacids, including
poly(methacrylic acid), and results from chain termination reactions, as well as catalyst
deactivation [Sankhe et al., 2006]. To prevent catalyst deactivation, I adopted the strategy
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proposed by Sankhe et al. [2007] to add an alkali salt, NaCl, which suppresses the ionexchange reactions that otherwise lead to complexation between the catalyst and
monomer and the dissociation of the Cu (II) species that forms during the ATRP process.
In contrast to Sankhe et al. [2007], I have used a catalyst system that yields a 20-fold
higher polymerization rate. The consequence of such a highly active catalyst system is
that bimolecular termination events become more pronounced, and, thus, the non-linear
growth observed for our system may be attributed to bimolecular chain termination.
As expected from the kinetic study, the average pore size decreased gradually
from 1.03 ± 0.01 μm to 0.81 ± 0.06 μm with increasing polymerization times (Table 5.1),
as the distribution of pore sizes shifted to lower values (Figure 5.3).

Table 5.1. Mean flow pore diameter and bubble point estimated from capillary flow
porometry.

RC Membrane
Unmodified

Mean Flow Pore
Diameter (μm)
0.91 ± 0.08

Bubble Point (bar)
0.25 ± 0.04

Initiator Modified

1.03 ± 0.01

0.11 ± 0.04

30 min Modified

0.94 ± 0.07

0.21 ± 0.00

1 hr Modified

0.91 ± 0.07

0.24 ± 0.01

1 hr 30 min Modified

0.85 ± 0.02

0.17 ± 0.01

3 hr Modified

0.81 ± 0.06

0.25 ± 0.05

6 hr Modified

0.83 ± 0.05

0.23 ± 0.05
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Figure 5.3. Pore-size distributions from capillary flow porometry for unmodified and
PAA-modified RC membranes.

Table 5.2. Comparison of mean flow pore diameter and estimated pore diameter based
on layer thickness data collected in the kinetic study on gold substrates.

Initiator Modified

Mean Flow Pore
Diameter (μm)
1.03 ± 0.01

Estimated Mean Flow
Pore Diameter (μm)
--

30 min Modified

0.94 ± 0.07

0.99 ± 0.01

1 hr Modified

0.91 ± 0.07

0.98 ± 0.01

1 hr 30 min Modified

0.85 ± 0.02

0.96 ± 0.01

3 hr Modified

0.81 ± 0.06

0.95 ± 0.05

6 hr Modified

0.83 ± 0.05

0.95 ± 0.05

RC Membrane

Using the time of polymerization, the mean flow diameter was calculated based
on the estimated layer thicknesses from the data in Figure 5.2; Table 5.2 shows the
calculation results.
The reduction of mean flow diameter correlates with thickness versus time data
from the kinetic study. However, according to the kinetic study, the estimated mean pore
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diameter of the membranes should vary from 1.03 ± 0.01 μm to 0.95 ± 0.01 μm. Thus,
the estimated reduction in mean pore diameter was lower than the calculated values from
experiment. The estimated layer thickness using the experimental mean flow pore
diameter after 3 hours of polymerization is 2.8 times larger than expected from the
kinetics data in Figure 5.2. Of course, it should be kept in mind that the model gold
substrates are different from the porous membrane substrate. In order to rationalize this
apparent discrepancy, I cite the findings of Luzinov and co-workers [Liu et al., 2004]
who have shown that the areal ATRP initiator density for polymer substrates (~40
groups/nm2) can be an order of magnitude higher than that for the SAM substrates (~3
groups/nm2) used in the kinetics study. In that same paper, they demonstrated that
increasing the surface density of initiator from ~ 3 to ~ 40 groups/nm2 led to a 6-fold
increase in polystyrene layer thickness for the same polymerization time. In the same
way, I envision that the RC membrane has a higher areal initiator density than our model
gold surface, as the initiator is distributed partly within the RC matrix (and not
exclusively at the surface). As such, for a given polymerization time, one would expect a
higher thickness of PAA on the membrane surface than the SAM substrate. Based on the
findings of Luzinov and co-workers, the 2.8-fold higher thickness on the membrane
surface is justifiable.
Bubble point data did not show a regular trend, which very well may be due to the
few inconsistencies in the pores of the Whatman RC membrane. Since the bubble point
is the minimum pressure to release the liquid from the pores, having a few large pores
might mask the effects of modification. Nevertheless, the mean pore diameters calculated
from the porometry results complement the kinetics study; both show that polymerization
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stops after about 3 hours.
The mean flow diameter was 0.91 ± 0.08 μm for the unmodified membranes,
comparable to the information provided by the manufacturer (Whatman, 1 μm
membrane). The mean flow diameter increased slightly after the initiator attachment.
This unexpected result might be due to hydrolysis of the cellulose during initiator
attachment, which produces by-product HBr. A second reason might be a solvent effect
on the membranes, which might lead to an alteration in the structure of the membrane,
and, henceforth, an increase in the permeability. Based on our CSLM studies (vide infra)
that show that modification did not change the membrane pore morphology, the more
likely cause is membrane hydrolysis.

5.3.2 Membrane Permeabilities
Table 5.3 summarizes the permeability data for unmodified and modified

membranes using two fluids, Buffer A and Buffer B, which differ only by the inclusion
of NaCl (1 M) in Buffer B. The permeability of the unmodified membrane was
approximately equal for Buffer A and Buffer B as they differed by only 0.4 %. Similar
results were found for the initiator modified membrane where permeability differed by
2.9% for the two different buffers. Permeabilities for the initiator-modified membrane
were higher than the unmodified membrane, consistent with the increase in mean flow
pore diameter after initiator attachment.
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Table 5.3. Permeability values computed using flux data for unmodified and PAAmodified membranes.
Permeability (Buffer A)
(L/m2/hr/bar)
15458

Permeability (Buffer B)
(L/m2/hr/bar)
15400

Initiator Modified

17970

17450

5 min Modified

4688

6627

15 min Modified

2097

5769

30 min Modified

1312

6250

1 hr Modified

1248

6110

1 hr 30 min Modified

590

5130

3 hr Modified

186

3568

6 hr Modified

200

3520

RC Membrane
Unmodified

*Buffer A – Phosphate buffer
*Buffer B – Phosphate buffer + 1 M NaCl
Overall, the water permeabilities decreased with increasing modification time.
Also shown in Table 5.3, the PAA-modified membranes show a strong salt effect;
permeabilities were markedly higher for Buffer B. At this high added salt concentration,
the charged polymer layer thickness is lower than it would be in a solution of lower ionic
strength due to screening of the like charges on the chains, which strongly reduces
Coulombic repulsion between the individual chain segments.
Noteworthy also is the fact that the permeabilities were markedly different for the
unmodified membrane and membrane modified for 1 hour, despite the two samples
having the same mean flow pore diameter. Modification of the RC membrane with PAA
for a polymerization time of 1 hour led to a permeability reduction by 91.9 % with Buffer
A (60.3 % with Buffer B) relative to the unmodified membrane. The reason for this
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difference in permeability is that the mean flow pore diameters are measured under dry
conditions where the PAA layer is collapsed, whereas, the permeabilities are measured in
aqueous buffer. The PAA layers swell greatly in the buffer solutions, thereby constricting
the effective pore flow diameter. This swelling is less dramatic in Buffer B due to the
charge screening effects described above.

5.3.3 Protein Adsorption Capacities and Isotherms

Adsorption isotherms were constructed for lysozyme on the membranes modified
for 30 min and 1 hr. Figure 5.4 shows the isotherm data, which have been described by
the Langmuir adsorption isotherm equation.
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RC Modified Membrane (1 hr)
RC Modified Membrane (30 min)

Cm (mg/ml)

100
80
60
40
20
0
0

1

2

3

4

5

6

Cs (mg/ml)

Figure 5.4. Adsorption isotherms at 25 ºC for the RC membrane modified with PAA by
surface-initiated ATRP for 30 min and 1 hr. The symbols represent experimental data;
curves represent the best fit values from the Langmuir isotherm model. Cm represents the
equilibrium adsorption capacity of lysozyme on the membrane; Cs represents the
equilibrium concentration of lysozyme in the solution.

Least-squares regression of the data to the Langmuir model yielded values for the
adsorption dissociation constant Kd and the maximum binding capacity Cm (max). From
data regression, Cm (max) values were 50.5 mg/ml and 102.9 mg/ml, and Kd values were
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0.027 mg/ml and 0.032 mg/ml for membranes modified for 30 min and 1 hr. The Cm (max)
values of 50.5 mg/ml and 102.9 mg/ml for membranes modified for 30 min and 1 hr
respectively agree with an expectation that the number of carboxylate groups will double
by doubling the modification time in the linear range of Figure 5.2. Since, the membranes
should have roughly the same polymer chain densities, they should show the similar
adsorption/desorption behaviour and, henceforth, have similar Kd values, as they do.
Static and dynamic binding capacities were measured. The static binding capacity
of the membrane is defined as the maximum binding capacity of the membrane under
non-flow-through conditions; it is an equilibrium value. The isoelectric pH (called the pI)
of lysozyme (MW 14,300) is 11 and the pKa of PAA is 4.5. At the working pH of 7, PAA
will be negatively charged since pH > pKa and the lysozyme will be positively charged at
pH < pI. Thus, adsorption (ion-exchange to be precise) of the cationic form of lysozyme
onto PAA-grafted membranes is possible at the working pH of 7 for all of our
experiments. Table 5.4 suggests that the static capacity initially increases with increasing
modification times and reaches the maximum value of 98.5 mg/ml for the membrane
modified for 1 hr. The static capacity decreases for longer modification times and reaches
a saturation level most likely due to some degree of pore blocking by the polymer grafted
from the pore surfaces. The saturation level results from the layer growth cessation, as
seen in Figure 5.2.
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Table 5.4. Static and dynamic capacities for lysozyme adsorption to unmodified and
PAA-modified membranes. Lysozyme concentration was 2 mg/ml in Buffer A for
determining static capacities and 5 mg/ml for determining dynamic binding capacities.
RC Membrane

Static Capacity
(mg/ml)
0.0

Dynamic Capacity
(mg/ml)
0.0

Initiator Modified

1.6

1.3

5 min Modified

34.8

28.1

15 min Modified

55.9

29.3

30 min Modified

50.2

47.0

1 hr Modified

98.5

71.2

1 hr 30 min Modified

75.8

44.8

3 hr Modified

79.9

54.3

Unmodified

Dynamic binding capacities follow the same trend as the static capacities,
reaching the maximum value of 71.2 mg/ml. The dynamic capacities are the same as the
static capacities for short modification times, but become lower than the static binding
capacities for modification times longer than 30 min. This result suggests that mass
transfer limitations for protein to pore binding sites arise at longer modification times.
Table 5.5 compares the capacities of the modified membrane (1 hr) with

commercially available membranes. The capacities obtained for lysozyme using our
PAA-grafted membranes are higher than the capacities reported by the manufacturer for
this same model protein. According to the manufacturer of carboxylic acid C membrane
(pore size: >3 µm, bed height: 0.275 mm, flow (100 kPa) : >48,000 L/ m²·hr), the
dynamic capacity is reported to be 0.6 mg/cm2 (equivalent to 21.8 mg/ml of membrane).
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Hence, comparing the values of the capacities of our PAA-modified membranes with the
carboxylic acid C membranes, I found that our capacities were roughly 2-3 times higher.
On the other hand, our permeabilities were ~40-fold lower as a result of differences in
average pore sizes between the Whatman RC membranes (1 µm) and the carboxylic acid
C membranes (3-5 µm). Volumetric flow rate scales with pore diameter to the fourth
power; thus, an increase from 1 µm to 3 µm pore diameter would be expected to yield a
roughly 34 = 81-fold increase in volumetric flow rate.

Table 5.5. Comparison of the lysozyme capacities for PAA-modified membrane (1 hr)
with two commercial membranes.

Membrane

Functional
Groups

pKa

Tested
Protein

Dynamic
Capacity (mg/ml)

Carboxylic acid C

R-COO–

4.5

Lysozyme

21.8*

Sulfonic acid S

R-CH2-SO3−

1

Lysozyme

29.0*

R-COO–

4.2

Lysozyme

71.2

Modified Whatman
Membrane (1 hr)
* Sartorius

Data

5.3.4 Confocal Laser Scanning Microscopy

For the modification of porous membranes, a key requirement is that the original
pore structure should not be degraded during the intended modification. Membranes
stained by fluorescence dye 5-DTAF were visualized at various depths using CLSM
(Figure 5.5). Viewing the images, no significant differences in morphology could be
detected between original and PAA-grafted membranes, which indicated that the original
pore structure was well maintained.
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a

b

c

Figure 5.5. Comparison of CLSM images at a depth of 6 µm for the (a) unmodified; (b)
PAA-modified membrane, 30 min; and PAA-modified membrane, 1 hr, stained with 5DTAF. (area: 146 × 146 µm)

CLSM also was used to determine the binding patterns and to infer qualitatively
the adsorbed amount of lysozyme on unmodified membranes and membranes modified
for 30 min and 1 hr. The membranes were incubating in lysozyme solutions with
concentrations of 0.05 mg/ml and 0.2 mg/ml in Buffer A for two time periods, 15 min
and 1 hr. Figures 5.6 and 5.7 show the CLSM images.
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a

b

c

d

Figure 5.6. Comparison of CLSM images at a depth of 6 µm for membranes modified for
30 min. Incubated in lysozyme-Cy5 for 15 minutes at concentrations of (a) 0.05 mg/ml
and (b) 0.2 mg/ml. Incubated in lysozyme-Cy5 for 1 hr at concentrations of (c) 0.05
mg/ml and (d) 0.2 mg/ml. (area: 146 × 146 µm)

The binding patterns did not show any significant difference for these sets of
experiments. The fluorescence intensity was highest for the membrane modified for 1 hr.
Intensities also were higher for membranes incubated in the lysozyme solution of higher
concentration. These findings further verified the success of the graft polymerization to
add ion-exchange functionality to the base membrane.
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a

b

c

d

Figure 5.7. Comparison of CLSM images at a depth of 6 µm for membranes modified for
1 hr. Incubated in lysozyme-Cy5 for 15 minutes at concentrations of (a) 0.05 mg/ml, (b)
0.2 mg/ml. Incubated in lysozyme-Cy5 for 1 hr at concentrations of (c) 0.05 mg/ml, (d)
0.2 mg/ml. (area: 146 × 146 µm)

5.4 Conclusions

A simple, reproducible and versatile methodology to prepare high-capacity
adsorptive membranes has been demonstrated using atom transfer radical polymerization.
Measurements of pore-size distributions and permeability experiments show that the
modification procedure decreases pore size, which in turn decreases permeability. In
return, modified membranes had high static and dynamic binding capacities for lysozyme
protein relative to commercially available ion-exchange membranes. The capacities
increase with initial modification times and reach saturation values after 1 hr
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modification time. The maximum capacity values of 98.5 mg/ml (static) and 71.2 mg/ml
(dynamic) were achieved by the membrane modified for 1 hr. Binding experiments
showed that the equilibrium binding was well-described by the Langmuir isotherm, with
a Kd value of 0.027-0.032 mg/ml. Confocal laser scanning microscopy images show that
the morphology of the membranes is not altered by the modification procedure.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

The primary goals of the first phase of my research was to develop and apply an
experimental technique to determine apparent changes in thermodynamic properties due
to the adsorption of peptide residues onto a surface for a given residue, surface, and
solvent system. In order to achieve these goals, the idea was to use SPR to measure the
Gibbs free energy change on adsorption (ΔGad) for homopeptides on highly uniform,
nanothin polymer films, and to use these data, along with the principle of additivity, to
predict ΔGad for homologous homopeptides with a larger number of residue units, as well
as a mixed residue peptide. Goal number two was to prepare surface-confined polymers
from inorganic surfaces with independent variability in grafting density and layer
thickness to understand the interaction between polymer nanolayers and peptides and
cells. The final goal of my research was to apply findings from the fundamental studies to
develop surface modification strategies for polymeric membranes used in bioseparations.
I have shown through adsorption studies of short-chain biomolecules at low
concentrations, where adsorption can be considered reversible, that the adsorption energy
for homopeptides and a mixed-residue peptide on charged and uncharged surfaces can be
predicted within the reasonable estimates combining the thermodynamic contributions for
adsorption of individual peptide units. In general, deviations and uncertainty values of the
predicted values from experiment were larger for the charged surface, as compared to the
uncharged surface in the systems that I studied. Nevertheless, the adsorption energies for
both the charged and uncharged surfaces were found to be additive within experimental
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uncertainties in all cases.
Comparing the ΔGad values of similarly sized homopeptides on the uncharged
PVP and PS surfaces, I found that the interaction energies correlated to the
hydrophobicities of the peptides. Comparing the ΔGad values for a given peptide
adsorbing to different surfaces at pH 7, two trends emerged: Adsorption to positively
charged BzPVP was generally more favorable than adsorption to PVP within
experimental uncertainties. Adsorption to non-polar, hydrophobic PS was generally more
favorable than adsorption to polar, hydrophobic PVP.
I have also demonstrated a simple, reproducible and versatile methodology to
prepare PPEGMA polymer nanolayers with independently variable grafting densities and
layer thicknesses that showed a transition from mushroom to brush regimes. The method
employed atom transfer radical polymerization (ATRP). These films were used for
peptide adsorption and cell adhesion studies. GRGDS was used as a model peptide, and it
promoted cell adhesion even for PPEGMA polymer layers grafted at low densities on the
substrates. Changes in the composition of the SAM underlayer produced the transition
from mushroom to brush regimes, which affected the peptide adsorption and subsequent
cell attachment. SPR studies and cell culture studies suggested that the peptide adsorption
and cell attachment occurred only in the mushroom regime. At high graft densities in the
brush regime, there was negligible or no peptide adsorption and cell attachment. This
methodology provides many opportunities for the formation of well-defined, grafted
polymer nanolayers with independent varying grafting densities that can be used to
control biological signals.
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Finally, the physical and chemical properties of commercial microporous
membranes were varied by surface modification using ATRP. Using this technique,
membrane pore size, pore size polydispersity, and ion-exchange capacity could be
adjusted using polymerization time as the independent variable. Modified membranes
with acid groups had high static and dynamic binding capacities for lysozyme protein
relative to commercially available ion-exchange membranes. By allowing the preparation
of a membrane with optimized pore diameter and narrow pore size polydispersity, this
approach has the potential to optimize membrane adsorbers to have high dynamic
capacities, while making solute retention time more uniform and sharpening solute
breakthrough. Furthermore, ATRP offers flexibility to work with various chemical
functionalities; as such, this technique can be used to create myriad functionalized
membranes starting from a generic membrane foundation.
With the future in mind, I would suggest continuating to try and generalize the
fundamental adsorption studies of small peptides on polymer surfaces of various
functionalities. My work highlighted the adsorption behavior of small hompeptides and
mixed peptides at pH 7 and T = 25 °C. It will be interesting to work with my system
(peptides and polymer layers) as well other systems (other peptides and polymer layers)
to study the applicability of the additivity principle at other pH and temperature values to
find out whether the adsorption energies for homopeptides and mixed-residue peptides
can be predicted. I also focused on one graft density in this phase of the study. The study
can be furthered to look at the adsorption behavior of small peptides on surfaces
independently variable grafting densities and layer thicknesses.
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The methodology of creating polymer nanolayers with independently variable
grafting densities and layer thicknesses using ATRP can be applied to create microarray
chips with optimized hydrophobic and hydrophilic surface chemistries that have various
high-throughput applications. SPR can be used to look at the adsorption properties of the
small peptides on the microarray chips and to further understand the adsorption behavior
of the small peptides as a function of surface chemistry and layer structure.
For the membrane work, this research provides a new method to develop high
capacity membrane adsorbers. One of the limitations of my study was the significant
decrease in the membrane permeabilties after the modification. It will be interesting from
the commercial point of view to work with the membranes with larger pore diameters and
try to maximize the capacity of the membrane adsorbers.
For the polymer nanolayer growth, it will be worthwhile to further study the
poly(acrylic acid) system by ATRP to make the growth rate linear, which will help to
surface modify the membranes with the weak cationic exchange groups in a well
controlled manner. I contend that the nonlinearity seen in my system is due to
bimolecular termination, since I have applied methods from the literature to prevent
catalyst deactivation. Studies with Cu(II) may improve control.
Finally, since I have been able to achieve the high static and dynamic capacities
with the weak cationic exchange groups, as compared to the commercial membranes, it
would be interesting to investigate the modification of the membranes by strong anionic
and cationic exchange groups (such as (quaternized) dimethylaminoethyl methacrylate
and styrene sulfonic acid) by ATRP and study the capacities of these modified membrane
absorbers.
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Appendix A

Chemical structures are given for all of the peptides studied, followed by surface plasmon
resonance (SPR) response curves at 25 °C and pH 7 for all these peptides on nanothin
films of poly(2-vinylpyridine) (PVP), polystyrene (PS), and poly(1-benzyl-2-pyridinium
bromide) (BzPVP).

Scheme 1. Structure of leucine-enkephalin (YGGFL)
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Scheme 2. Structures of (a) Tyr-Tyr (YY), (b) Tyr-Tyr-Tyr (YYY), (c) Tyr-Tyr-Tyr-Tyr-

Tyr-Tyr (YYYYYY).
(a)

(b)
HO

O

HN

HO

OH
O

O

HN

HN
O

O

OH

OH

OH

(c)

HO

HO

HN
O
HN

O HO
O

HO

HN
OH
HN

O
O

H2N

HN
OH

HO

OH
NH2

NH2

O

184

Scheme 3. Structures of (a) Phe-Phe (FF), (b) Phe-Phe-Phe (FFF), (c) Phe-Phe-Phe-Phe

(FFFF).
(a)

(b)
O
OH
O
HN

NH

NH2

HN
O
OH
O

(c)
O

H2N

HN
O
HN

O

NH

OH
O

185

O

NH2

Scheme 4. Structure of (a) Gly-Gly-Gly, (b) Gly-Gly-Gly-Gly (GGGG), (c) Gly-Gly-

Gly-Gly-Gly (GGGGG), (d) Gly-Gly-Gly-Gly-Gly-Gly (GGGGGG)
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Scheme 5. Structure of Try-Leu (YL)
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Figure 1. Response curves (sensorgrams) for Tyr-Tyr adsorbing on the PVP surface at
25°C from pH 7 HEPES buffer solutions.
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Figure 2. Response curves (sensorgrams) for Tyr-Tyr-Tyr adsorbing on the PVP surface
at 25°C from pH 7 HEPES buffer solutions
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Figure 3. Response curves (sensorgrams) for Tyr-Tyr-Tyr-Tyr-Tyr-Tyr adsorbing on the
PVP surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 4. Response curves (sensorgrams) for Phe-Phe adsorbing on the PVP surface at
25°C from pH 7 HEPES buffer solutions.

189

500

1.0 mg/ml

400
Response, RU

0.8 mg/ml

300

0.6 mg/ml
0.4 mg/ml

200

0.2 mg/ml

100
0
-100

50

0

100
time, sec

150

Response, RU

Figure 5. Response curves (sensorgrams) for Phe-Phe-Phe adsorbing on the PVP surface
at 25°C from pH 7 HEPES buffer solutions.
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Figure 6. Response curves (sensorgrams) for Phe-Phe-Phe-Phe adsorbing on the PVP
surface at 25°C from pH 7 HEPES buffer solutions
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Figure 7. Response curves (sensorgrams) for Gly-Gly-Gly-Gly adsorbing on the PVP
surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 8. Response curves (sensorgrams) for Gly-Gly-Gly-Gly-Gly adsorbing on the
PVP surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 9. Response curves (sensorgrams) for Gly-Gly-Gly-Gly-Gly-Gly adsorbing on
the PVP surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 10. Response curves (sensorgrams) for Tyr-Tyr adsorbing on the PS surface at
25°C from pH 7 HEPES buffer solution.
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Figure 11. Response curves (sensorgrams) for Tyr-Tyr-Tyr adsorbing on the PS surface
at 25°C from pH 7 HEPES buffer solutions.
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Figure 12. Response curves (sensorgrams) for Tyr-Tyr-Tyr-Tyr-Tyr-Tyr adsorbing on
the PS surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 13. Response curves (sensorgrams) for Phe-Phe adsorbing on the PS surface at
25°C from pH 7 HEPES buffer solutions
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Figure 14. Response curves (sensorgrams) for Phe-Phe-Phe adsorbing on the PS surface
at 25°C from pH 7 HEPES buffer solutions.
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Figure 15. Response curves (sensorgrams) for Phe-Phe-Phe-Phe adsorbing on the PS
surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 16. Response curves (sensorgrams) for Gly-Gly-Gly adsorbing on the PS surface
at 25°C from pH 7 HEPES buffer solutions.
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Figure 17. Response curves (sensorgrams) for Gly-Gly-Gly-Gly adsorbing on the PS
surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 18. Response curves (sensorgrams) for Gly-Gly-Gly-Gly-Gly adsorbing on the
PS surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 19. Response curves (sensorgrams) for Tyr-Tyr adsorbing on the BzPVP surface
at 25°C from pH 7 HEPES buffer solutions.
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Figure 20. Response curves (sensorgrams) for Tyr-Tyr-Tyr adsorbing on the BzPVP
surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 21. Response curves (sensorgrams) for Tyr-Tyr-Tyr-Tyr-Tyr-Tyr adsorbing on
the BzPVP surface at 25°C from pH 7 HEPES buffer solutions
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Figure 22. Response curves (sensorgrams) for Phe-Phe adsorbing on the BzPVP surface
at 25°C from pH 7 HEPES buffer solutions.
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Figure 23. Response curves (sensorgrams) for Phe-Phe-Phe adsorbing on the BzPVP
surface at 25°C from pH 7 HEPES buffer solution.
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Figure 24. Response curves (sensorgrams) for Phe-Phe-Phe-Phe adsorbing on the
BzPVP surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 25. Response curves (sensorgrams) for Gly-Gly-Gly-Gly adsorbing on the
BzPVP surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 26. Response curves (sensorgrams) for Gly-Gly-Gly-Gly-Gly adsorbing on the
BzPVP surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 27. Response curves (sensorgrams) for Gly-Gly-Gly-Gly-Gly-Gly adsorbing on
the BzPVP surface at 25°C from pH 7 HEPES buffer solutions.

500

1.0 mg/ml

Response, RU

400

0.8 mg/ml

300

0.6 mg/ml
0.4 mg/ml

200

0.2 mg/ml

100
0
-100

0

50

100

150

time, sec

Figure 28. Response curves (sensorgrams) for leucine-tyrosine adsorbing on the PVP
surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 29. Response curves (sensorgrams) for leucine-tyrosine adsorbing on the PS
surface at 25°C from pH 7 HEPES buffer solutions
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Figure 30. Response curves (sensorgrams) for leucine-tyrosine adsorbing on the BzPVP
surface at 25°C from pH 7 HEPES buffer solutions
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Figure 31. Response curves (sensorgrams) for leucine enkephalin adsorbing on the PVP
surface at 25°C from pH 7 HEPES buffer solutions.
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Figure 32. Response curves (sensorgrams) for leucine enkephalin adsorbing on the PS
surface at 25°C from pH 7 HEPES buffer solution
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Figure 33. Response curves (sensorgrams) for leucine enkephalin adsorbing on the
BzPVP surface at 25°C from pH 7 HEPES buffer solutions.
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